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PREFACE

This document will be a portion of the material presented at the Third
Joint Europe/US Short Course in Hypersonics, held at the University of
! Aachen, Aachen, FRG in October 1990. This study was conducted by the High
Speed Aero Performance Branch (WRDC/FIMG), Aeromechanics Division, Flight
Dynamics Laboratory, Wright Research and Development Center,
ni tynu-Patterson Air Force Base, Ohio. The work was performed under Work

Unit 2307N459, Experimental Boundary Layer Stability Investigation.
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FOREWORD

Loundarv-laver transition 1s a problem which has plagued several genera-
.'ons of aeradvnamicists, There are verv few things about transition that are
known with certainty, other than the fact that it happens {f the Revnolds
number 1s large enongh. HKesearchers have been frustrated by the manv unsolved
transition phenomena, by the fact that transiticn sometimes bv-passes the
known linear processes, and by the di{fficulties of sorting out the manv
interrelated and complicated effects for investigation. Transition predictors
are confronted with many transition prediction methods, all with serious
limitations, and {insufficient information as to the best method to accomplish
their task. Transition history has many examples of conflicting ideas and
interpretations, and sudden changes {n perspective are not uncommon., Research
studies have emphasized the great complexity of the transition process and how
little 1is known about the problem. A good prediction of transition is some-
times perceived as an {mpossible tesk. In spite of this negative situation,
transition predicticns must be made and people ere tasked with the job of
making transition predictions., How then does the transition predictor prepare
himself for this task? As verv general guidelines, it {as thought that he
should make maximum use of available research information, be knowledgeable of
the available data base, try to undevstand the various prediction methods and
their limitations, evaluate the risks involved, and, finally, trv to keep an
open mind when dealing with the problems (clearlv, a formidable task).

Current emphasis on powered hypersonic vehicles has increased the frus-
trations of predicting hypersonic boundary-layer transition. In the past,
most hypersonic problems have been associated with reentry vehicles. During
reentry, transition moved forward on the vehicle in only a few seconds and was
followed by a longer period of time of essentially all-turbulent boundary-
layer flow. Knowledge of the exact altitude at which transition occurred was
not critical to the design of the thermal protection svstem and the risks
involved in the transition prediction were not large. For powered hypersonic
vehicles we have a new class of cenfiguration and new flight paths which may
include long periods of time within the upper atmosphere (e.g., the National
Aerc-Space Plane). Boundary-layer transition now becomes a much stronger

driver of the vehicle configuration, the thermal protection system, and the

engine requirements. Hypersoni: boundary-layer transition predictions now




take on a significance never before experienced and a relevant data base does
not exist. This current gituation has surfaced after a number of years of
little activity in the ares of hypersonica. Most of the new understanding of
boundary-laver transition has been in the area of incompressible boundary
layers, with little new knowledge of hypersonic bourdary~layer f{nstabilit{es.
Thus, much hvpersonic transition guidance must be speculated from subsonic and
superscnic results and old hvpersonic data must be retrieved and re-evaluated.
Not that it helps with the boundarv-layer transition prediction problems, .
but there 18 some small gratification in knowing that design uncertainties are
not unique to transition. Whenever a design involves a new configuration
flying new flight paths, there are many uncertainties associated with the
design. For new hvpersonic designs, ground tests provide onlv partial simu-
lation of the flight conditions and do not include important high temperature-
related phenomena, flow field computations are made with unverified codes and
incomplete modeling of the flow phenomena, and unproven propulsion systems are
under consideration. The uncertainty in the location of boundary-laver
transition 1is just one of many uncertainties which must be dealt with,
This report includes data, comments, and opinions on selected toplcs,
primarily in those areas where the author 1s most familisr. The discussion
has been kept brief and it is realized that manv important points and details
have been omitted. The listed references are only a sampling of the transi-
tion literature. The reader is referred to other documents for additional
details and & more extensive list of references. A report by Horkovin,1
although written over 20 years agou, provides much valuable information which
remains relevant to current hypersonic transition problema., Surveys by

Reshotko,2’3 Arnal.a and Morkovin and Reahotk05 are also recommended reading.




PART 1: COMMENTS ON HYPERSONIC BOUNDARY-LAYFR INSTABILITY PHENOMENA

(1.a) INTRODUCTION

Most of our knowledge of hypersonic boundarv-layer {nstability phenomena
has come from the theoretical work of Hack,6’7 supported bv the stability
experiments of }'.end:tll,8 Demetriades.9 and Stetson, et al.lo-la There have
been a considerable number of hypersonic transition experiments; however,
these data generallv provide only parametric trends (e.g., the effects of
nosetip bluntness on transition location), When the only information obtained
is the location of transition {t 1is impossible to determine details of the
boundarv-laver disturbance mechanisms which caused the trangition. 1In order
to obtain fundamental information about hvpersonic boundarv-laver instability
phenorena it 1is necessarv to perforw stabilitv experiments which describe the
disturbances in the laminar boundary laver prior to transition, Tt is unfor-

tunate that such an important topic as hyperscnic stability has received so

little attention. ..n understanding of hvpersonic instability phenomena is

impcrtant for obtaining a better understanding of hypersonic transition and {is

essential for analvtical prediction methods. The following discusiion will

briefly discuss our current understanding of hypersonic boundary-layer

instabilities.

(1.b) STABILITY THEORY

It is now generally believed that the onset of boundary-layer turbulence
is the result of instability waves in the laminar boundary laver; howvever, the
direct relationship between instability and transition is unknown. Stability
theory provides a means of understanding the characteristics of instabili*y
waves and, consequently, a better understanding of transition. Numerical
solutions of the stability equations can provide important details of boundary-
layer instability; such as, the identity of those disturbance frequencies
which are stable and those which are unstable, the minimum critical Reynolds
number at which disturbances scart to grow, their growth rates, their return
to a stable condition, the particular disturbance frequency which will cbtain
the maximum distuibance amplitude, and the effect of various parameters (e.g.,

Mach number, pressure gradient, wgll temperature, etc.) Stsbility theory can

provide much valuable iniormation about boundary-layer disturbances, but it

cannot predict transition. This {& an impo:tant point. There is no transition

o —————ee e ————————————————



theory. All transition prediction methods are empirical. Traneition prediction

methods based upon stability theorv (e.g., the eN method) must relate transition
to some empirically determired condition.

The introduction of linear boundary-layer stability theory by Tollmien
and Schlichting met with strong ecpposition, This was primarily because the
wind tunne! experiments of that time cou'd find no evidence cf the instabilitv
waves predicted by the theory, and there seemed to be no connection hetween
linear stability theory and transition.15 The classic evperiments of Schubauer
and Skramstadl6 completely charged the opinions., Wind tunnels in use at that
time had high freestream turbulence levels which completely obscured the
existence of small boundary-layer disturbances. The low-turbulence wind
tnnnel o0f Schubauer and Skramstad provided the first demonstration of the
evistence of instabllitv waves in a laminar boundary laver, their connectiun
with transition, and the quantictative description of their behavior by the
theory of Tollwien and Schlichting., These experiments, &s well as subsequent
experiments, provided verification that when the freestream disturbance
amplitudes are small, linear stability theory adequately described the onset
of small disturbance growth in a subsonic boundary layer and the growth
characteristics of the disturbances through their major growth history, up
close to the transition location. Subsequently, linear stability theory found
wide applications inm the description of instability parameters and in the
prediction of transitfon for subsonic flows.

If boundary-laver transition results from instabilities as described by
linear stabilicy theory, then the disturbance growth histories follow &
prescribed pattern and are dependent upon disturbance frequency. Disturbances
of a particulsar frequency will have the largest growth and become the first
disturbances which obtain the critical amplitude required for breakdown to
turbulence. Other disturbances may be unstable and experience growth, but
they do not grow enough to cause transition. These¢ events can be conveniently
illustrated by means of a stability diagram such as schematically shown in
Fiz. | (from Ref, 17). The bottom of this figure 1llustrates a standard
"thumb curve" stability diagram which graphically shows the boundary between
stable and unstable regions in terms of d{sturbance frequency and Reynolds
numbter. The solid lines (I and II) are the neutral boundaries which separate

the stable and unstable regions. If one follows a specific frequency with

increasing distance (increasing Revnolds number), disturbances at that fre-




guency are initially atable and experience no growth, As they reach the
Reynolds number which corresponds to the crossing of neutral branch 1 they
become unstable and start to grow, The initial disturbance amplitude at the
crossing of neutral branch I (AO) is an {mportant parame.er since {t directly
influences the amnrunt of growth required to obtain the critical breakdown
anplitude (AC). The inicial disturbance amplitude depends upon the charac-~
teristics of the disturbances to which the boundary laver is exposed, the
receptivitv of the boundary to these disturbances, and the extent of the
initial stable region. As the disturbance waves proceed downstream thevy
become better "tuned" to the boundary-laver thickness and they amplify at
Increasing rates. They reach a point of optimal tuning {(the maximum ampli-
flcation rate) and then gradually detune as they approach neutral branch II,
The amplification rate decreases to zero at the Revnolds number which corre-
spends to the crossing of neutral branch II and the disturbances have obtained
their maximum amplitude. Plots of amplitude vs Revnolds number (such as shown
in the top portion of Fig. 1) are inflected curves with a zero slope at
branches I and II. 1In the example 1llustrated in Fig. !, disturbances of
frequency Fl and F2 obtain their maximum growth and then attenuate before
boundarv-laver transition occurs. These disturbances are presumed to have no
influence on transition. Note that the onset of disturbance growth for the F,
disturb. : (the crossing of neutral branch I) occurs at a larger Reynolds )
number than the Fl disturbances; however, the F2 disturbances have a longer
period of growrh and obtain a larger amplitude. If boundary-layer transition

occurs at RT’ then the F_, disturbances are the dominant disturbances since

they are the first distuzbances to grow to the amplitude required for break-
down. These disturbances presumably cause transition. Fé disturbances have
the potential of obtaining even larger amplitudes, but they do not get the
opportunity since the boundarv layer becomes transitional first. It is
generally assumed that the growth rate of the disturbances 1s not influenced

by changes in the freestream turbulence levels (as long as the turbulence
levels are not large enough to force boundary-layer disturbance growth by some
mechanism other than boundary-layer instability). Therefore, the effect of

the freestream turbulence levels {s felt through its influence of Ao. Increas~
ing AO for a . frequencies would shift all of the growth curves upward, such

that some higher frequency, such as FZ' would first obtain the critical

amplitude. Reducing Ao (as a quiet tunnel) would lower the curves and some




lower frequency, such as F,, would then be the firet disturbance to obtain the

critical amplitude, ¢
Major developments in the application of linear stability thecry to

hvpersonic boundary layers were made bv Mack.6'7 Mack's stability equations

were derived from the linearized Navier-Stokes equations for a compressible,

viscous, heat-conducting perfect gas and most of his numerical results have .

been for sharp flat-plate boundary lavers. His results disclosed a number of

unique features of a hvpersonic boundary laver. -
As the Mach number increases, the distribution of ar_,ular momentum

through the boundary laver changes in 8 manner such that the generalized

inflection point (the locarion in the boundary laver where the gradient of the

product of densitv and vorticity is zero) moves out toward the outer edge of

the boundary layer. Since the major boundarv-laver disturbances in a hyper-

sonic boundarv laver are in the neighborhood of the generalized inflection

point, the largest disturbances in a hypersonic boundary layer can be expected

to be near the outer edge of the boundarv layer. There is another very

importaut consequence of the generaiized inflection point movirg farther awvay
from the wall, If there i1s a region in the boundary layer (e.g., near the
wall) vhere the flow 15 supersonic relative to the mean velocitv at the
generalized inflection point, the mathematical nature of the stability equa-
tions changes. Mack6’7 demonstrated that, for this condition, there were
multiple solutions of the stability equations. These additional solutions
were called the higher modes. The higher instability modes are a unique

feature of high Mach number boundary layers and, physically, they represent

nev instabilities that can influence hypersonic trangition, Of the many

contributions that Mack has made toward the understanding of hypersonic

boundary-layer stability, the discovery of the higher modes is probablv the

most significant (the higher modes are sometimes called "Mack modes" to honor

the importance of Mack's contribution). Thus, subsonic and low supersonic

boundary layers contain relatively low frequency, vorticity disturbances -

called first mode disturbances (Tollmien-Schlichting waves) and hypersonic

boundary layers contain both first mode and Mack mode disturbances. -
First mode disturbances in an incompressible flow are wmost unatable as

two-dinensional waves. For supersonic and hypersonic boundary layers, the

most unstable firet mode disturbances are always oblique waves. The wave

angle of the most unstable first mode disturbance increases rapidly with Mach
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number and is in the range from 55° - 60° above M = 1.6. The amplification
rates of first mode disturbances decrease with increasing Mach number. Even
the most unstable oblique inviscid disturbance was found to have a lower
amplification rate thar the maximum incompressible viscous amplification rate.
The first of the higher modes 1is called the second mode and is the mest

unstable of all the modes. The second mode disturbances are expected to be

the dominant instability in most hvpersonic boundary lavers. Mack's

calculations showed that the effect of viscosity on the higher modes was

always stabilizing, so that the maximum ampljification rate occurs as the

Revrnolds number approaches {infinity. For the second and higher modes, two-

dimensional disturbances are the most unatable, Secnnd mode disturbances are
igh frequency, acoustical-type disturbances whose most unstable frequency

will be an order of magnitude larger than the most unstable aubsonic/supersonic
frequencies.

rig. 2 18 an example of Mack's calculstions for a flat-plate boundary
layer with an adiabatic wall. The maximum amplification rates of the most
unstable first and second mode waves at R = 1500 (R = JE:;\ are given as a
function of freestream Mach number. These results illustrate the characteris~
tics previouslv described.

Another significart finding from Mack's numerical results was the effect
of wall cooling on boundary~laver stability., The results of earlv linear
stability theory (LeeslB) wag that the boundary layer could be made completely
stable by wall coerling, thus implying that the boundarvy layer couid dbe kept
laminar at snv Reynolds number with sufficient wall cooling. The criterion
for complete stabilization was based upon an asymptotic theory for two-
dimensional disturbances and did not consider otlique first mode waves or the
higher instability modes. Mack's calculations indicated that the first mode
was srrongly stabilized by ccoling; however, complete stabilization was not
pcasible since more cooling was required to stabilize oblique disturbances
than two-dimensional disturbances and the higher modes were destabilized by

surface cooling. Thus, 1if second mode disturbances are the major instabil-

ities, then a cold surface would be expected to produce a smaller transition

Revnolds number than a hot surface. Mack has warned that parametere such as

pressure gradients and mass addition or removal may also affect second mode
disturbances in a different manner than first mode disturbances.
As mentioned previously, most of the hypersonic stability results are

applicable to the simple boundarv laver on a flat plate in a perfect gas flow
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field, Recently, Mack.lg'zo Gasperaa.‘“1 and Halikzz—za have obtained sclutions
which pertain to the perfect gas flow over cones at zero angle-of-attack.
Claarly, much work remains to be accomplished before useful solutions of
three-dimensional flow fields with high temperature boundarv lavers can be
obtained.

The qualityv of the numerical solutions of the stability equations is
clearly dependent upon the validity of the assumptions used and the quality of
the mean flow boundarv-layer profiles utilized., A basic assumption utilized
bv all current hypersonic numerical solutiors 1is the assumption that the
boundary-laver disturbances are small and the stabilitv equations can be
linearized. As with most linear theories, it is difficult to pre-judge the
range of conditions over which the results can be meaningfully applied. The
mean boundary-laver profiles are an esscuat{.l ingredient of the stabili-y

calculations. Therefore, it is not just a matter of having & valid theory,

but also one of having valid mean boundarv-laver profiles to provide data to

input to the stability equactions. The success of linear stahility theorv for

subsonic and low supersonic boundary lavers does not guarantee its guccess
wich a hvpersonic boundary layer. There are so many different features of
hypersonic boundary-layer stability that an independent verification {s
required. Section 1.d will discuss the first attempt at verification of

hvpersonic lirear stability theory.

{l.c) STABILITY EXPERIMENTS

There are only three sets of hypersonic stability experiments; those of

Kendall.8 Demetriades,9 and Stetson, et 51.10_14 Rendall's pioneering stability

experiment38 provided the first confirmation of the existence of recond mode
disturbances in a hypersonic boundary laver and that they were the dominant
{nstability. Subsequently, stability experimentsg-la at M_ =8 in a different
wind tunnel provided additional confirmation of second mode disturbances and
further details of their characteristics. Several examples of the experimental
data will be given to illustrate some of the characteristics of hypersonic
boundary-layer disturbances. These data were obtained with a constant current
hot-wire anemometer, Detalls of the hot-wire anemometer instrumentation and
the data reduction procedures of Stetson, et al, are given in Ref. 10,

Figures 3-5 are from Ref. 10 and include data obtained on a sharp, 7-deg.

half angle cone at a Mach number of 8 (equilibrium wall temperature). Fig. 3




shows the fluctuation spectra at the location of peak energy in the boundary
layer (at approximately 0.98) in a pictorial format to illustrate the growth
of disturbances in a hypersonic laminar boundary layer. Lsrge disturbances
vere found to grow in the frequency range from about 70 to 150 kHz, These
fluctuations have heen identified (primarily on the basis of a comparison with
Mack's theoretical results) as second mode disturbances. Second mode dis-
turbances are highlv "tuned" to the boundary-layer thickness, resulting in
considerable selectivity in the digsturbance frequencies which are most ampli-
fied. The most amplified second mode disturbances have a wavelength of
approximately twice the boundarv-layer thickness. Second mode disturbances
are not related to a specific frequency range, but can occur anywhere from
relatively low frequencies (for "thick" boundarv lavers) to verv high fre-
quencies (for "thin" boundary lavers). Situations which correspond to a
change in boundary-~layer thickness change the frequency of the second mode
disturbances. For example, going to higher altitudes thickens the boundary
laver and lowers the second mode disturbance frequencies. The normal growth
nf the boundary layer along a vehicle surface regults in a steady lowering of
the most amplified disturbance frequencies, Second mode disturbances grow
much faster than first mode disturbances and rapidly become the dominant
disturbances. It can also be observed in Fig. 3 that disturbance growth is
cccurring at frequencies higher than the ridge of second mode disturbances.
These disturbances are believed to be a first harmonic (nonlinear disturbances)
of the second mode., All of the previously mentioned hypersonic stability
experiments have observed the high frequency nonlinear disturbances. Even
though the boundary-layer disturbances had grown tc a relatively large ampli-
tude by the end of the model, the boundary laver still had the mean flow
characteristics of a laminar boundary layer.

Fig. 4 contains the same data as shown in Fig. 3, with spectral data from
several stations overlayed to better illustrate the disturbance frequencies,
The first and second mode fluctuation frequencies are merged. The lower
frequency fluccuations, which show an increase in amplitude without any
special selectivity in frequency of the disturbances which are amplified, are
predominantly first mode disturbances. These disturbances are similar to the
Tollmien-Schlichting instability of incompressible flow, The large increase

in fluctuation amplitude in the frequency range of about 70 to 150 kHz are

second mode digturbances. As the boundary layer grows, the second mode




disturbance peaks shift to lower frequencies, illustrating the tuning effect
of the boundary layer,

Fig. 5 is a pi~torial view of the fluctuation spectra normal to the
surface. Fig. Sa is a view from outside the boundary layer, looking in and
Fig. 5h is a view from the surface, looking out. It can be seen that the
disturbances did not grow in the inner half of the houndarv laver, the maximum -
discturbance growth occurred high in the boundary layer (at 88X of the boundarv-
layer thickness), and disturbances extended well beyond the defined boundarv- -
layer edge.

Since the second mode disturbances were highly tuned to the boundarv-
laver thickness, 1t was of interest to compare the disturbance wavelength with
the boundarv-layer thickness. The wavelength can only be estimated since the
wave velocity 1s not known. Since the mator disturbances were located near
the edge of the boundarv laver, the wave velocitvy was estimated by assuming it
to be the same as the boundarv-layver edge velocity. Fig, 6 illustrates the
relationship between the wavelength of the largest disturbances and the
boundary-laver thickness. The major second mode disturbances were found to
have a wavelength approximately twice the boundary-laver thickness. The
disturbances which were believed to be a first harmonic (data not shown) had a
wavelength approximately equal to the boundarv-layer thickness. As a means of
comparison, the major first mode disturbances in lower speed flows have a much
longer wavelength, typically befing several times the boundary~-layer thickness,

The relationship of the wavelength of the major second mode disturbances to

the boundary-layer thickness provides a simple methcd for estimating second

mode_frequencies, requiring only an estimate of the busundary-layer thickness

and the velocity at the edge of the boundary layer (¢ zu9/26). (Note that for

& glveu Mach number, the boundarv-laver edge velocity is much larger in flight

than in a wind tunnel. Therefore, corresponding second mode frequencies in

flight are larger than in a wind tunnel. Note, also, that the boundary-layer

thickness 1s inversely proportional to the square root of the unit Reynolds .
nupter, In flight, the unit Reynolds number changes approximately an order of

mggnitude for a change in altitude of 50,000 feet. Therefore, for a given °
station on the vehicle, a change 1in altitude of 50,000 feet will change the

major second mode disturbance frequencies abrout a factor of three.) RKnowledge

of the frequencies of the major second mode disturbances can be a consideration

wvhen making a jludgement of the uncertainty of s transition prediction. For




example, 1f the major second mode disturbances have frequencies of several
hundred kilohertz, there is a good possibility that they may not exist in
flight, due to a lack of stimulus fiom the enviromment to excite them., This
point will be discussed under section 2,f. Such a situation would be expected
to produce a larger transition Reynolds number than if the second mode distur-
bances were present,

Fig., 7 1s a stabilityv diagram derived entirely from the experimental da..
of keferences 10 and 13, F {s the non-dimensional frequency and R 1is the
square root of the length Reynolds number. The two neutral hranches (I and
II) enclose the combined first and second mode unstable regions, The lower
frequency portion of this region is predominantly a first mode unstable region
and the lower neutral branch (I) corresponds to first mode instability. That
is, this neutral branch relates to the experimentally detectable critical
Revnolds number and the initial disturbance amplitude of first mode distur-
bauz.o. Secuind mode instabilities are the major boundary-laver instabilities
and occupv the upper portion of the unstable region. The maximum disturbance
amplitudes (Amax)’ the wmaximum amplification races (-ai)max, and the upper
neutral branch (II) are all associated with second mode instabilities., Note
that if one follows the history of disturbances at a particular frequencv,
their initial growth occurs as first mode disturbances. As the Reynolds
number increases, that frequercy mav he unstable to second mode instabilities
and disturbance growth may continue as second mode disturbances. Very little
is known about the coupling of first and second mode disturbances in this
situation. Above the second mode upper neutral branch is a stable region.

The neutral branch lines at higher frequencies enclose the unstable region
which is believed to contain nonlinear disturbances. The nonlinear distur-
pances were observed at a velatively low Reynolds number of 1.9 X 106(R = 1400)
and their growth rates were nearly as large as the second mode growth rates.
Transition was estimated to occur at a Reynolds number of about 4.8 X 106
(R = 2200) based upon the observation (data not shown) that the second mode
disturbances had obtained their peak amplitude and started to decay and
disturbances at second mode neighboring frequencies started to grow (spectral
dispersion).

Small nosetip bluntness was fournd to greatly stabilize the laminar

boundary layer on the frustum of a cone. Fig. 8 (from Ref. 11) shows {n

plctorial format the fluctuation spectra at the location of peak energy in the




boundary layer for a 7-deg. half angle cone with a 0.15 inch nosetip radius
(approximately 32 of the base radius). Initially, disturbances of all fre-
quencies were damped and remained stable until a local length Reynolds number
of 5.1 X 106 was reached. It can be observed in the figure that the disturb~
ance amplitudes are getting smaller in this region of the cone frustum. This
stable reglon extended to an S/RV of approximatelv 121, This corresponded to
a location on the cone frustum where most of the entropv layer generated by
the nosetip had been swallowed by the boundary layer. Thus, for this case,
the region of the cone frustum where the entropy layer was being swallowed by
the boundary laver was a stable reglon. The sharp cone, at corresponding
local Revnolds numbers, showed a steadvy growth of disturbances. In fact, at a
local length Reynolds number of 5.1 X 106, the boundarv-layer disturbances on
the sharp cone had grown to sufficient amplitudes to initiate second mode wave
breakdown (presumablv, an early stage of transition),

Fig. 9 compares maximum amplification rates associated with second mode
disturbances for the cone with sharp and RN = 0.15 inch nosetips. As mentioned
previously, this 31 blunt nosctip completely stabilized the laminar boundary
layver to local Reynolds numbers corresponding approximately to transition on a
sharp cone at a unit Reynolds number of one million. Once the disturbances
started to amplify in the boundary layer of the cone with 3Z nosetip blunt-
ness, the amplification rates steadily increased and surpassed the naximum
rates obtained for the sharp cone.

Hot-wire stability data were also obtained with a nosetip radius of 0,25
inches (approximately 5% of the base radius). Por this configuration, the
boundary layer remained stable to the last measuring station on the model,
which corresponded to 8 local length Revnolds number of 10.2 X 106. The
larger nosetip radius increased the extent of the entropy layer swallowing
regiorn, For a nosetip radius of 0.25 inches, the entropy layer was estimated
to be mostly swallowed at an S/RN of 152, or near the end of the model.
Therefore, for both of these nosetips, the region of the cone frustum where
the entropy layer was beilng swallowed by the boundary layer was a stable
region, Although details of how nosetip bluntness influences boundary-layer

stability are not yet available, it is evident that emall nosetip bluntness

makes significant changes in the history of the disturbance growth in a

laminar boundary layer, With a sharp nosetip the first onset of disturbance

growth (the minimum critical Reynolds number - this corresponds to the first




crossing of the lower neutral branch in Fig. 7) occurred at a low Reynolds
number and was unknown for the present experiments. The disturbances ampli-
fied at a nearly constant tate and transition occurred at Reynolds numbers
several times the valuc of the expected critical Revnolds number. With small
rosetip bluntness the critical Reynolds numhers were extremelv large and the
disturbances amplified rapidly once the critical Reynolds number was exceeded.
Transition Information was not obtained; however, it would be expected that
transition Reynolds numbers would not be a great deal larger than the critical
Reynolds numbers.

Transition experiments have shown that there 18 a definite cut-off in the
increased stability benefits to be derived from nosetip bluntness.zs (These
transition data will be discussed in Part 2.c¢). While small nosetip bluntness
wag found to increase the transition Reynolds number, additional increases 1in
nosetip hluntness resulted in a3 drastic reduction in transition Revnolds
number. It can be observed in Fig. 8 that significant disturbances were
present at the first measuring station (ReX = 2.1 X 106). yet the boundarv
laver was stable and they were damped. It 1s sgpeculated that, as the nosetip
radius i{s increased, these nosetip region disturbances have a greater distance
to grow in the vicinity of the nosetip and exceed some threshold smplitude
which iorces continued growth further downstream, Some exploratorv hot-wire
measurements were made with 0,5 inch and 0.7 inch nosetip radius. These
experiments found disturbances in the entropy layer outside of the boundary
layer. It is well known from inviscid stability theory that a local maximum
in the vorticity distribution corresponds to a region of instability. In
order to determine {f the inviscid flow above the boundary layer of a blunt
cone should be expected to be unstable on the hasis of the distribution of
angular momentum, a number of inviscid prcfiles of p 3u/dy were calculated
using twn different techniques (Helliwell and Lubznrd:’6 and Kaul and Chaussee27).
It was not possible to identify a local maximum (a generalized inflection
point) in any of the p du/dy distributions. In the boundarv layer there are
large variations in vorticity and the location of mwaximum vorticity s clearly
evident. Outside the boundary layer the rate of change of vorticity is small
and the vorticity may not have a clearly discernable local maximum. The

hot-wire experiments clearly observed significant disturbances in the entropy

layer outside of the boundary layer and, as the entropy layer was swallowed,

these disturbances entered the boundary layer and experienced rapid growth.




The source of the inviscid diasturbances and whv thev were unstable within the
boundary layer at Reynolds numbers which were stable for small bluntness, is
unknown. A possible explanation for the boundary-laver disturbance growth is
that the situation {s analogous to the forcing concept described by Kendall8
and Mack.6 Kerdall found that when the boundarv laver was subiected to a
stroug external disturbance environment, disturbances were found te grow
tefore the predicted location of instability. Tt mav be that, as the nosetip
radius is increased, the entropy laver disturbances experience more growth,
until thev become large enough to drive the boundary-laver disturbances.
Additional details of these stability experiments can be found in Ref. 1.
Hot-wire boundary-laver stability data were also obtained on the sharp
cone at angle-of-attack., Data were obtained on the windward meridian at 2 and
4 degrees angle-of-attack and on the leeward meridian at 2 degrees angle-of-
attack. Fig. 10 compares these data with the zero angle-cf-attack of Ref. 10.

It was found that the growth rates of the boundary-layer disturbances were not

greatlyv affected by angle-of-attack; however, the onset of disturbance growth

was signiflcantly affected. The onset of disturbance growth was delaved on

the windward meridian and occurvred earlier on the leeward meridian, as compared
with the zero angle-of-attack data. These stability trends are compatible
with the observed movement of transition location with angle-of-attack.

Detalls of these stabilicy results can be found in Ref. 12.

The theory of Mack6'7 indicated that second mode disturbances would be
destabilized by lewering the surface temperature. The hypersonic houndary-
layer stability experiments of Demetriades9 confirmed that cooling the surface
increased the growth rates of second mode disturbances and that the transition
Reynolds number was reduced by a corresponding amount,

Fig. 11 compares second mode disturbance growth for a cooied and uncooled
cone (from Ref. 14). The two frequencies selected correspond to the frequency
of the maximum amplitude disturbances, just prior to transition, These
disturbances are presumablv representative of the disturbances which cause
transition, Amplitude ratios vs. Reynolds number are shown. A1 is the
disturbance amplitude at the firat measuring station, It can be seen that
disturbances in the boundar - layer on the cold wall grew much faster than
those in the boundary laver of the hot wall. The initial amplitudes (Al) are

most likely different for the two cases shown, therefore, the significance of

the difference between amplitude ratics at transition is not known,




Fig. 1I compares maximum growth rates for second mode disturbances for a
cooled and uncooled cone (from Ref. 14)., As cobserved {n the previous figure,
the gecond mode disturbances grew much faster in & cold wall boundary layer.

Thus, these stabilitv experiments confirm the prediction of stabilitv theory

that cooling the wall is destahilizing fer second mode disturbances, The

ircreased growth rates of the second mode disturbances for rthe corler wall

condition wculd be expected to result in a reduction in the transition Revmolds
9

number. Boundarv-layer transition data obtaired bv Demetriades” and Stetsen,

10,13

et al indicated that transition Revnolds numbers were changing in a

corresponding manner,

(1.d) COMPARISON OF THEORY AND EXPEKIMENT

8
The earlv experiments of Rendall verified the existence and dominance of
second mode disturbances 1in a kyperscnic boundary laver. A mnre extensive

19,20
compaTison between theory - 1d experiment was not made until Mack °°

obtaine:
numerical solutions for the rondftions c¢f the experiments of Ref, 10. The
comparison was for a sharp cone at zero angle-of-attack in a pertect gas, Mach
. . 6 o
% flow (cone hali angle = 7 deg., Rem/FT =1 X 10, Me = 6.5, To = 1310°R, Tu e

1100°R), The resulis of this comparison pointed cut some discrepauncies which

presentlv carnot b» explained and need tc be resolved,

Fig. 13 compares maximum ampiification rates at a local Reynolds number
of 3 X 106(R = 1731)., The rnumericsl resulis are shown with a line and the
points are from the experimental data. The nondimensional frequencies below
0.8 X 10—4 are first mode instabi)ities and the angles shown are the nost
unstable oblfque waves. The numerical results indicated that, for the second
mode, two-dimensional disturbances were the most unstable and the numecicsl
results for F> 0,8 X 10"& ave for two-dimenaional, second mode disturbarces.
Since the second mode disturbances are the major dilsturbances which presumably
initiate trunsition, they become the most imporftant comparison., The mest
unstable frequency (the peak) 1s in close agreement; hovever, the maximum
growth rate and the location of the upper neutrel branch {vhere the awmplifi-
cation rates goes to zero) are significantly diiferent,

Fig. 14 looks further into differences in disturbance growth rates by
conparing che maximum amplification rate as & functicn of tne square root of

19,2C

the length Reynolds number. Mack commented that all linear stability

calculacicns for self-similar boundary lavers give the trend of (-Gi)m

ax




increasing with increasing Reynolds number, The experimental data initially
follow this trend, but at R = 1400, where the nonlinear disturbances became
ev.dent, the trend changed. There are significant differences between the
calculated and experimenta!l growth rates. Additional discussior of these
comparisons can be found {n Ref, 28.

This discussion does not mean to Implv that linear theorv 1is not vaiid
for hypersonic boundarv lavers. All that can be said at present is there is a
lack of agreement and the reasons are unknown, For the linearized stability
calculations, there is concern as to the effects of the relativelv large
second mode disturbances and the presence of nonlinear disturbances. For the
experimental data there 18 concern about the effects of the uncontrolled
freestream environment and the hot-wire data reduction techniques. The
experimental data are presently being re-assessed to address several of the
hot-wire data reduction procedures., The comparison between theory and experi-
ment 1{s always a basic technology issue and this is an area of hypersonic
transition wh. <quires future emphasis. For subsonic and supersonic flows,
linear stabilitv theory has played a very important role in the understanding
and in the prediction of transition. Linear stability theorv 1is expected to
plav the same important role for hypersonic transiticn, but requires additional

verification checks to determine the extent to which this will be possible.
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PART 2: COMMENTS ON PARAMETRIC TRENDS

(2.a) TINTRODUCTION

The ctransition of a laminar boundary layer to turbulence 1is a complex
phenomena which 1s influenced by many contributing factors. Even though some
parameters mav play only 2 minor role in the transition process, the effects
of cthe major parameters are usually Interrelated and usually difficult to
interpret. Numerous transition experiments have been performed over the
vears. Usually the location of transition is monitored as a parameter is
varied. Such experiments have provided valuable information about the trends
of the vartlous parametric effects, but little information regardirg the
details of the transition process, Most of these transition experiments were
perfecrmed in wind tunnels which had freestream environments much noisier than
cxpected in flight; therefore, the transition Revnolds numbers obtained cannot
be directly related to flight situations. The limited transition experiments
performed in low disturbance (quiet) wind tunnels provide transition Reynolds
numbers which are more comparable to flight, but st{]ll do not provide an

understanding of the transition process., The most valuable information that

can ba obtained from the great muss of available transition data is th. trends

of the data, not the absolute magnitude of transition Reynolds number,

Following are brief comments regarding how the various parameters influ-
ence transition, The cited referencec should be consulted for additional

details.

(2.%) EFFECT OF MACH NUMKER

For many years wind tunnel transition data had been put in the format of
transition Revnolds number vs Mach number. There were sigaificant variations
in the magnitude of transition Reynolds, vet the trends were generally the
sawe. Between M z 1 and 2.5-3, transition Reynolds number decreased with
increasing Mach number and a minimum occurre at M = 3-4, Further increases
in Mach nuuber con istently increased the transition Reynolds number. Fig., 15

{rom Ref., 29) 1llustrates this trenc. The disturbances in the freestream of
a wind tunnel, generated by the turbulent boundary layer on the nozzle wall,
clearly have a large effect on transition on wodels in wind tunnels. The

decrease 1in transition Reynolds number with Mach number in the supersonic

range 1s mogt likely the result of the disturbances in the freestream of the




wind tunnels. Flight experiments on a 5-deg. half angle cone supported this
contention by demonstrating that transition Reynolds number increased with
Mach numbers up to M = 2 (the maxi{mum Mach number of the experiment), Pig., 16
shows some of the flight data and compares flight transition data with wind
tunnel transicion data. Al]l data were obtained with the same model and same
{nstrumentation (Fig. 16 is from Ref. 30). Wind tunnel results at hypersonic
Mach numbers have consistentlv shown a large increase in transition Revnclds
number with increasing Mach number, Unfortunatelv it has not been possible to
separate out the wind tunnel effects and the Mach number effects. Most
experimenters have speculated that the Mach number effect in the hvpersonic
regime 1s one of increasing transition PRevnolds number with increasing Mach
number. This conclusion is further supported by theorv, The stabilitv theorv
of Mack6'7 has shown that, at hypersonic Mach numbers, the maximum amplifica-
tinn rates decreasc as the Mach number increases. A decrease in the maximum
amplification rate would be expected to result in larger transition Reynolds
numbers, The Mach number effect mayv not be as pronounced i{n flight transftion
data as in wind tunnel transition data since in a wind tunnel the environment
effect varies with the Mach number. Fig, 17 (from Ref. 31) includes additional
dacta to illustrate Mach number effects on transition and includes both wind
tunnel and fiight results. The flight data has variations due to nosetip
bluntness, angle-of~attack, wall temperature differences; and, at the higher
Mach numbers, ablation and high temperature flow field effects., So manv
effects are simultaneously influencing flight transition data that comparisons
with wind tunnel data can be misleading.

Available data suggests that high transition Reynolds numbers are to be

expected on cones with small ncosetip bluntness and small angles-of-attack when

the local Mach number is like 10 or above. There 18 uncertainty as to the

magnitude or the functional relationship between transition Reynolds number
and Mach number. The correlation, Ree/He = constant, requires a8 judgement ag
to this functional relationship. This topic will be discussed in more detail

under Part 4.

(2.¢) BFFECT OF NOSETIP BLUNTNESS
25,32

Wind tunnel experiments at M = 6 and M5 9, along with shock tunnel

experiments.33 have demonstrated that nosetip bluntness has a large effect on

transition on the frustum of a slender cone. Small nosetip bluntness increases




the transition Reynolds number and large nosetip bluntness decreases the
transition Reynolds number relative to the sharp cone, Also, the local
Reynolds number i{s reduced as a result of nosetip bluntness and this can have

a large effect on the location of transition. The nosetip of a sphere-cone
configuration in hvpersonic flow generates high entropv fluid (usuallv referred
to as the entropv layer) which 1is suhbsequently entrained in the boundarv laver
as the boundarv layer grows on the frustum. This {s illustrated in Fig. 18
{(from Ref. 25). The extent of the frustum boundary lasver influenced by the
high entropy fiuld and the boundary layer edge conditions at a given frustum
station depend upon both geometric and flow parameters. For a slender cone in
hypersonic flow, and particularlv with the thinner boundarv lavers asisociated
with a cold wall condition, the entropy layer extends for many nose radii
downstream (e.g., several hundred). 1In Fig. 19, boundary-laver calculaticns
illustrate the large effect of a 0,04 in. nosetip radius (from Ref. 25).

In order to account for nosetip bluntness effects upon transition, the

entropv layer effect should be considered. A simple and easv method for

estimaring the extent of the entropy laver and variations of boundarv laver
edge conditions can be made by assuming sphere~cone configurations and simi-
lariev of flows. For example, the method of Rotta,34 permits such estimates
without the use of local flow field calculations. Note that Rotta's method
only applies to the case of highly cooled walls, Fig. 20 (from Ref. 25)
provides a method to estimate entropy layer swallowing distances for highly
cooled sphere-cones. Of course, if one has boundary-laver calculations
available for a case in question, the entropy layer effects are included in
those results, A number of comparisons of entropy layer swallowing distances
estimated by the method of Rotta were found to correspond to locations where
boundary laver code results indicated the local Mach number was 96 to 98
percent of the sharp cone value. This i{s conaidered to be excellent agreement.

The two major effects associated wvith the entropy layer are changes in the

transition Reynolds number and reductions in the local Reynolds number. The

reduction of the local Reynolds number ig an extremely important plece of
information in the interpretation of nosetip bluntness effects on frustum
transicion; however, this 1is not the major issue since this information {s
readily obtainable, with uncertainties heing related only to the accuracy and
limitations of the flow field program being utilized. The wajor problem area

1s associated with understanding how nosetip bluntness affecta the transition




Reynolds number. Limitations in the Reynolds number capability of wind
tunnels have limited wind tunnel results to Mach numbers less than 10. These
resulte are useful to illustrate trends; however, the effects of higher Mach
numbers and the magnitude of transf{tion Reynolds numhers experted in free
flight are not well known. Fig, 21 (from Ref. 25) contains the results from a
large amount of nosetip bluntness data obtained in a Mach 6 wind tunnel., The
movement of transitiorn location is shown, along with changes in transition
Revnolds number and the Revnnlds number reduction which contributed to the
changes 1in transition location. Note that when the entropy layer was nearly
swallowed at the transition location (XT/Xsw close to 1), the transition
Revnolds numbers were significantly larger than sharp cone transition Reynolds
numbers and the Reynolds number reduction was small. The change in transition
location in this region was primarily a function of the change in transition
Revnolds number. The maximum change in transition locaticn occurred in
regions of the entropy layer where the transition Reynolds numbers were less
than the sharp cone values and the Reynolds number reduction was the major
effect, For maximum transition displacement, the local Reynolds numher was
reduced by 8 factor of 7.3 and the transition Revnolds number was 587 of the
sharp cone value, with the displacement bheing repregented by the product of
the tvo effects, or 4.2 times the sharp cone transition location,

The Reentry F flight experiment35’36

is probably the best source of data
for the effect of nosetip bluntness on slender cone transition i{n hypersonic
free flight, The lack of information regarding the nosetip changes during
reentry as a resulr of ablation, along with small angles of attack, produce
some uncertainties in the interpretation of the results.

There 1s another nosetip consideration that should be included - the very
low transition Reynolds numbers associated with transition on the nosetip and
the region of the frustum just downstream of the nosetip. Nosetip transition
Reynolds numbers can be as much as two orders of magnitude less than cone
frustum transition Reynolds numbers., This situation requires that a separate
transition criteria be applied to this portion of a configuration. The
potential of trans{tion first occurring in this region, and producing a
turbulent houndary layer over the entire portion of the configuration influ-
enced by the tip, must be considered. It 1s well documented that blunt

nosetips have low transition Reynolds numbers, even at hypersonic freestream

Mach numbers (e.g., Refs. 37-39). Boundary-layer transition has been related




to the local boundarv properties at the sonic point and thc surface roughness,
The low transition Reynolds numbers assccisted with the region of the frustum
just downstream of the nosetip has only recently been 1dent1f1ed25 and the
transitfon criteria for this region is ncot as well understood as that of the
nosetip. It appears that transftion in this region {s deminated bv the
nesetip and rav be related ton nosetip cerditions, analogous to nosetip transi-
. tion criterifa. Fig. 22 (from Ref. 25) provides an example of trarsition
criteria for transition on the nosetip and also those co-ditions which pro-

duced early frustum transition for Mach 5.9 wind tunnel experiments.

(2.d) EFFECT OF CROSSFLOW

Crossflows associated with three-dimensional flow fields such as axi-

symmetric configurations at angle-of-attack, non-circular cross-sections at
zero and nonzero angle-of-attack, spinning vehicies, and swept wings can be
very unstable. Most of our knowledge of crossflow effects comes from low
speed studfies (e.g., Poll.ao Armal.l'l and Saric and Reedaz). The flow field
{s broken down into a two~dimensional, streamwise profile and a crossflow
profile, Transit{on is estimated by calculating a two-dimensional Reynolds
number and a crossflow Revnolds number., It was found that when the crossflow
Reynolds number exceeded a threshold value, the crossflow instability ugually
dominated. That 1s, 1f the crosaflow Revnolds number was below the threshold
value, transition could be estimated from the Revnolds number based upon the
two-dimensional component of the flow, When the crossflow Reynolds number
exceeded the threshold value, transition occurred regardless of the two-

'543 subsonic

dimensional Reynolds number. For example, Owen and Randall
experiments with a swept wing observed an {nstantaneous jump of transition
from the trailing edge to near the leading edge when a critical crossflow
Revnolds number was exceeded. This critical crossflow Pevnolds number was
approximately 175, based upon the maximum crossflow velocity, a thickness
defined as nine-tenths of the boundary-layer thkickness, and the density and

viscosgity at the edge of the boundary layer ( Recp ® 0, Wpax .96 ).

e

Pace'saa results indicated that this criterion could be extended to supersonic
Mach numbers. However, higher values of critical croesflow Reynolds number
have been obtained for 1incompressible flows and there 1s uncertainty as to the

gernerality of this c.iterion. The appropriate velue for hypersonic flows 1is

unknown and must be estimated on the basis of lower speed transition experime ..

I —



Most of the hypersonic data base associated with crogsflow effects 1is for
cones gt angle-of-attack and the remaining discussion will be on this aspect
of the problem, Intuition derived from boundary-layer transition results at
zero angle-of-attack is not very helpful 1in predicting the transiticn trends
on a sharp cone at angle-of-attack. The effect of angle-of-attack is to
increase the local Revnolds number and decrease the local Mach number on the
windward ray. One might logically assume that transition would then move
forward on the windward ray with increases in angle-~of-attack. On the leeward
ray the local Revnolds number decreases and the local Mach number increases.
Based upon results obtained at zero angle-of-attack, it might be expected that
transition would move rearward on the leeward ray with increases in angle-of-
attack., T~ reality, just the opposite of these trends occurs. Transition
experiments with a she-p cone have consistently found a rearward movement of
transition on the windward rav and a forward movement or the leeward rav (=ece,
for example, Ref, 45). Transition location was found to be sensitive to small
changes in angle-of-attack for both sharp and blunt-tipped configurations,

For confipurations with nosetip bluntness one has to consider the combined
effects of nosetip bluntness and angle-of-attack., The angle-of-attack trends
appear to be predictable; however, the magnitude of the resulting transition
Reynolds nuabers are not. Fig. 23 (from Ref. 45) illustrates the transition
movement on the windward and leeward ravs of sharp and blunt 8-deg. half angle
cones at M_ = 5.9. The transition distance (XT) is normalized by the transi-
tion distance on the sharp cone at o = 0 deg. [(XTS) 0= o varies with unit
Reynolds number]. Fig. 24 (from Ref. 45) is a sample of the transition
patterns obtained for a sharp cone. ¢ = 0 deg. is the windward meridian and

¢ = 180 deg. 1s the leeward meridlan. The shaded area represents the transi-
tion region, with curve B indicating the beginning of transition and curve B
the end of transition. The beginning and end of transition at a = 0 deg. is
shown for reference. Fig. 25 (from Ref. 45) presents a summary of the sharp
~ce angle-of-attack results, in a nondimensionaiized foruast. PFigures 26 and
77 ‘from Ref. 45) present similar results for a cone with 107 nosetip bluntness
(Rn = 0.2 {n),

(2.e) EFFECT OF UNIT REYNOLDS NUMBER

For some time there has been evidence that transition Reynolds number was

influenced by the unit Reynolds number. Numerous wind tunnel experiments have




documented the results that increasing unit Reynolds number increases the
transition Reynolds number. A suitable explanation and an accounting of the
phenomena involved is still not complete. Because the examples of this effect
were almost exclusivelv from wind tunnel experiments and because of the
possibility that wind tunnel freestream disturbances were responsible, there
has been uncertainty as to whether the so-called un{t Revnolds number effect

exists in flight. Potter46’4

7 performed extensive ballistic range experiments
to investigate unit Reynolds number effects in ballistic ranges. Potter's
conclusions were that a unit Reynolds number effect existed in the free flight
range environment., In fact, the increases of transition Reynolds number with
increases in unit Revnolds number were even larger in the ballistic range than
in wind tunnels, He found that none of the range-peculiar conditions could
offer an explanation for this effect, Fig. 28 (frow Refs, 46 and 47) isg a
sample of Potter's resgsults. Additional discussions of unit Revnolds numbher
effects on transition have beer made by Reshotkoa8 and Stetson, et 31.12’13
Unit Reynolds number effects have a very important coupling with environmental
effects, For a low disturbance environment, the environmental disturbances
provide the stimulus for exciting boundary-layer disturbance growth and are
responsible for the initial boundary-layer disturbance amplitudes. If, by
some mechanism, the initial amplitude of the most unstable boundary-laver
disturbances could be increased or decreased, the transition Reynolds number
would correspondingly be increased or decreased (this will be discussed under
the next topic, environmental effects). The unit Reynolds numbef. in effect,
provides a possible mechanism. The frequencies of the mo2t unstable boundary-
laver disturbances are directly related to the unit Reynolds number (by the
effect of unit Reynolds number on boundary-layer thickness, as discussed in
Part 1). Thus, increasing unit Reynolds number increases the frequencv uf the
most unstable boundarv-layer disturbances, which means that the most im>c rtont
environmental disturbances are of higher frequency. The higher frequens::
environmental disturbances will, very likelyv, have a smaller amplitude and, in
some situations, a suitable environmental stimulus may be lacking for some
frequencies. Intuitively, it would be expected that unit Reynolds number,
through 1ts control of the frequency of the most unstable boundary-layer
disturbances, would influence transition., Morkovin has commented many times
that unit Reynolds number probably influences transition in geveral ways, thus

other unit Reynolds number effects should be considered likely.
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The conclusion i8 that until additional flight transition data is obtained,

we should assume that unit Reynolds number will influence transition in flight.

Additional knowledge of the disturbance environment tharough which the vehicle
is flving and a better understanding of the physical mechanisms which cause

transition will help determine the magnitude of these effecta,

(2,f) EFFECT OF THE ENVIRONMENT

The freestream environment and the relationship between the environment .
and the boundary-layer disturbances responsible for trans{tion are of great

significance to boundary-layer transition. The environment provides an

extremelv important initia) condition for any boundary-laver transition

problem. The environment provides the mechanism by which boundary-layer

disturbance growth is generally initiated and establishes the initial distur-

banca amplitude at the onset of disturbance growth, Based upon the supposition

that transition occurs when some boundary-laver disturbances have obtained the I
critical amplitude required for breakdown of the laminar flow, a change 1in the

initial amplitude of the dominant disturbances changes the required period of

growth to obtain the critical amplitude. Thus, a change of the environment

will most likelv change the transition Reynolids number. This critical element

of the transition problem is often overlooked. Then one or several sets of

data are used to make a transition prediction in a new situation, a similarity

is implied for not only the geometric and flow parameters, but also the

environment. It is assumed that the case in question has the same environment

as the data base. Environmental differences provide a reasonable explanation

for most of the differences in transition Reynolds numbers obtained in wind

tunnels and those obtained in flight. In supersonic and hvpersonic wind

tunnels the strong acoustical disiuibances in the freestream which are gener-

ated by the turbulent boundary layer cn the wall of the nozzle generally

produce tranaition Reynolds numbers lower than found in flight. Differences

in wind tunnel environments can result in significant differences among wind .
tunnel transition Reymnlds numbers, thus presenting problems in correlating

only wind tunnel transition data, The data of Schubauer and Skramstad69

and .
50

Wells™ " prcvide an interesting example. The classical experiments of Schubauer

and Skramstad were carried out on a sharp, flat plate 1u & low turbulence, low

speed wind tunnel. Turbulence levels in the freestream could be controlled by

varying the number of damping screens., Transition Reynolds numbers were found




to be directly related to the freestream turbulence level, with transition
Reynolds number increasing as the turbulence level decreased. At low tunnel
turbulence levels, the transition Reynolds number obtained g maximum value of
2.8 X 106 and remajned at this level with still further reductions in turhulence
levels. Wells repeated this experiment in a different wind tunnel. 1In the
Schubauver and Skramstad experiment, control over the damping screens provided
control over the velocity fluctuations in the freestream of their wind tunnel
but the screens had little effect on the acoustical disturbances which were
rresent. In the Wells experiment, the tunnel was designed so as to minimize
the acoustical disturbances as well as to provide control over the velocity
fluctuations. Wells found the same trends as obtained by Schubauer and
Skramstad, but his maximum transition Reynolds number was approximately 5 X
106. Both experiments were dealing with the same boundary layer phenomena.
that was different was the envirenment, Fig. 29 (from Ref, 50) contains these
results, Wells indicated that mcst of the freestream energy in his experiment
occurred at frequencies below 150 cps with acoustic content less than 10% of
the total enerpy. The tests of Schubauer and Skramstad {nvolved significent
energy levels out to 400 cps, and, in addition, the spectrum exhibited large
acoustic energy peaks at 60 and 95 cps which accounted for approximately 902
of the total disturbance energy that was measured for intensities less than
about 0,05%. Spangler and Wells51 continued the study by systematically
investigating the effects of acoustic noise fields of discrete frequencies.
Large effects were found when the acoustic frequencies (or a strong harmonic)
fell in the range where Tollmien-Schlichting waves were unstable, It is
significant to note that transition prediction methods cannot account for
these large differences in transition Revnolds number unless the differences
in the freestream envirconment are somehow taken into account.

Not all freestream disturbances are important tc boundary-layer transi-
tion. Some disturbances may have frequencies that do not correspond to
unstable boundarv-layer frequencies. Thus, these disturbances, upon entering
the boundary layer, will be stable and attenuate. Other freestream distur-
bances m.y influence only slowly growing boundary-layer disturbances which do
not grow large enough to affect transition. It is believed that the critical

environmental disturbances are thoge disturbances of the same frequency as the

boundary-layer disturbances responsible for tramsition. Therefore, it is

important to identify the dowinant boundary-layer disturbances and the amplitudes




of the corresponding environmental disturbances at the same frequency. This

requires that consideration be given to the spectral content cf the environ-
mental disturbances.

Fnvironmental disturbances are predominantly of low frequencv and the
most unstable hvpersonic boundarv-laver disturbances are of relativelv high

frequencv., Thus an important consideration for hvpersonic boundarv-lzver .

transition s whether or not the disturbance environment will provide a

suitable stimulus to excite the most unstable boundary disturbances, Normally «

one would expect the most unstable disturbances to have the most rapid growth
and be the first disturbances to obtain the critical amplitude which produced
nonlinear effecte and the eventual breakdown of the iamirar flow, If transi-
tion must wait for disturbances with a smaller growth rate to ohtain the
critical amplitude, then a delay in transition would be expected. There are
many hvpersonic flow situations, both in ;round test facilities and in flight,
wvhere the potentiallv most unstable boundary-layer disturbances may not be
excited. Thus, some transition delay, due to a lack of enviionmental stimulus
of the potentially most unstable disturbances, may be a common hypersonic
occurrence. Stetson12 has pointed out that for a sharp, 7-deg half angle come
in a Mach number 8 wind tunnel at a freestream unit Reynolds number of 20
million, the most unstable boundary-layer disturbances would have frequencies
preater than a megahertz. Available instrumentation cannot measure distur-
bances in this frequency range; however, it seems unlikely that there wculd be
much freestream disturbance energy at such high frequencies to stimulate
boundary-layer disturbance growth. Transition under thias situation would be
expected to be the result of disturbances which were not the theoretically
most unstable, This should provide larger transition Revnolds numbers. The
Reentry F flight experiment35 reported transition Reynolds numbers as high as
60 million. An estimation of the frequency of the most unstable boundary-
layer disturbances indicated they were greater than 500 kHz. There 18 a
possibility that these high transition Reynolds numbers were obtained because N
the theoretically most unstable disturbances were not present,

Another important aspect of the disturbance environment {s the receptivity .
(Morkovinl) of the boundary laver to these disturbances. Receptivity relates
to the response of the boundary layer to the environmental disturbances and

the resulting signature of these disturbances within the boundary layer.

Receptivity has long been recognized as an important problem; however, an




understanding of this problem has been slow to develop. Reshotko has dis-
cuased the veceptivity problem in several papers.2'3'52

The sobering envitonmental conclusion is that even if we could perform a
miracle and sbtain an analvtical method to calculate exactly the stabiliey
sharacreristics of the boundarv laver and the breakdown to turbulence, we
wvould <¢ill have problems predicting transition because we would still have to
somehcw prescribe the external disturbances. The freestream disturbances are
2 very important {nitial condition of any boundary-laver transition prchlem

and, unfortunatelv, they are generally not well known, The uncertainty of the

disturbance environment in flight puts an additional uncertaintv into any

Al

transition prediction.

/2.g) EFFECT OF WALL TEMPERATURE

W

The temperature of the surface of a vehicle or model can have a large
effect on boundary-layer transition, One of the results from the compressible
stability theoryv of L99318 was the prediction that cooling the wall would
stabilize the boundary laver. Calculations were subsequently made which
indicated that, with sufficient cooling, the boundary layer could be made
completely stable at anvy Reynolds number (e.g., Van Driest53). A number of
experiments followed to verify the prediction of the stabilizing effect of
wall cooling. The results demonstrated one more time the complicated, iuter-
related involvement of transition parameters. The trend of increasing transi-
tion Reynolds numbers with increasing wall cooling was confused by a trancition
reversal. That {s, situations occurred in which the stabilizing trend of wall
cooling was reversed and further cooling resulted in & reduct:ion of trancition
Reynolds number, In very highly cooled cases. there was cvidence of a re-
reversal, a return to a stabilizing trend. Fiz. 30 (frow Ref. 33) illustrates
some of these results., There wera attempts to extlain transition reversal on
the basis of a surface roughnesas 2ifect; lLiowever, much of the data did not
seem o support the voughness argamenr, The roughness issue for very cold
wind tunnel models was considered more recently by Lvasenko and Haslov.57 Thay
determinad that lIve crystals on the wind tunnel wodel could trip the becundary
lzyer. Transition reversal, as a result of weil cooling, has remainsed a
coatroversial gubject,

Hypersonic wind tunnal transition data have provided conflicting results

regarding the effects of surface temperature. Fig. 31 cont~ins supersonic and




hypersonic wind tunnel data collected by Potter.58 (ReXT\AD is the transition
Reynolds number obtained urder adiabatic conditions and He is the Mach number

at the edge of the boundarv laver, Wall cooling is seen to significantly

increase the transition Reynolds number for the lower supersonic Mach numbers,

with a lesser effect at nypersonic Mach numbers. The results of Sanator,

et n]sq (not shown in Fig. 31 bhecause the value of (RexT)kD was not krown) at ’
Me = 8,8 found no significant change of transition locatign on a sharp cone

with changes of Ty, from 0.08 to 0.4, Sowme additional data (not shown 1in .

/
Fig. 31) of StetsonTgnd RUShton33 at M_= 5.5 and Mateer60 at M_ = 7.4 report
a reduction in transition Revnolds number with a reduction in the temperature
ratio.

The hypersonic transirion trends shown in Fig. 31 can generate some
interesting speculation, since thev are in contradiction with theory and
boundary-laver stability experiments., The low superscnic houndarv lavers
should contain only first mode disturbances which are stabilized by surface
cooling. The low Mach number transition data are compatible wicth the theoret-
ical trends. The hvpersonic houndarv lavers would be expected to have both
first ard second mode disturbances, with the second mode disturbances as the
dominant disturbances. The fact that the hypersonic boundarv-layer transition
data have the same trend as the supersonic data vraises the question of the
dominance of the second mode disturbances. As mentioned previously, it has
been speculated that there may be hypersonic flow situations, both in ground
test facilities and in flight, where the potentially mns*s yp<tohlz second mode
disturbances are not excited. The movement of transition location with
changes 1in surface temperature mav he a good indication of the role of second
mode disturbances. This 1s an important hypersonic transition issue that
needs future attention.

There is agreement among stability theory, stability experiments, and
transition experiments which have been conducted in conjunction with stability
experiments such that 1t was evident that second mode disturbances were the .
major disturbances. When second mode disturbances are known to be the dominant
disturbances, cooling the surface significantly reduces the transition Reynolds +
number,

Surface temperature is seen to have a potentially large effect on hyper-

sonic boundary-laver transitjon, with wall cooling expected to be stahilizing

for firat mode disturbances and destablilizing for second mode disturbances.
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The ptoblem {s that unless the identfty of the major disturbances is known {or
predictable) one does not even know i1f the proper trend {is increasing or

decreasing trans{tion Revnolds number.

(?.h) FFFFECT OF SURFACE ROUCHNESS

The phvsical mechanisms by which roughness effects traneition are not
weil understcod. [Usually the only parameter measured i=s the movewent of
transition location and the details of what 1s causing the movement are
unknown, Small roughness is not belleved to genevate hypersonic boundary
layer disturbances. It was generally believed that small roughness effected
transition by changing the mean flow characteristics of the boundary layer in
such a manner as to increase the growth rate of disturbances alreadv present
ir the boundarvy layer. However, experiments by Reshotko and Leventhal,61
Corke, Bar-Sever and Mm-kovin.ﬁi7 and Kendall63 have raised some new issues,
All experiments addressed Blasius-like boundary layers for simplicity and
standardization. The first two experiments measured the growth of naturally
occurring flow fluctuations as the laminar boundarv laver passed over sand-
paper roughness. Kendall chose to measure the mean velocity profiles. The
stability experiments found fluctuation growth rates vhich exceeded theoret-
ical Tollmien-Schlichting-instability values and observed unexpected low
frequency fluctuations below the frequency range of TS instabilities. The
increased TS growth rates are speculated to result from profile distortion and

pussiblv ungteadyv behavior close to the wall and below the roughness element

tops. The low frequency disturbances are thought to result from some nonlinear

bv-pass phenomenon,

Experiments have shown there is a minimum size of roughness elements
which will influence transition. Below this minimum the surface 1s considered
to be aerodvnamically smooth. If roughness elements are large enough to
generate locally separated flow about the roughness elements, they can produce

small regions of turbulence which can become & mechanism for exciting new

boundary-layer disturbance growth. In this case, roughness not only increases

the growth rate of those disturbances already present, but introduces new
disturbances. 1t is speculated that such a mechanism may be responsible for
exciting bcundary-layer disturbance growth in flight in a frequency range
where the freestream environment had not provided the stimulus. Large rough-
ness greatly distorts the boundary layer and further complicates an under-
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standing of the phenomena, The relative size of roughness elements is usually
determined bv comparing it to the boundary iayer thickness. Any effect which
influences boundary layer thickness can affect the influence of roughness.
Therefore, bodvy location, unit Reynolds number, wall temperature, Mach number,
and mass addition or removal can all influence the effect of roughness. Wwind
tunnel experiments have shown there is a strong effect of Mach number on

roughness effects. The roughness size required to trip the boundarv layer

increases rapidly with increasing Mach number and even at low hvpersonic Mach

numbers the roughnesas heights required are of the same order as the boundary

laver thickness (e.g., see Ref. 64). Part of the problem is trving to under-

stand roughness effects is associated with the many roughness parameters
involved, Roughness is usually characterized bv its height, but other param~
eters, such as, configuration and spacing are very important. Also important
are whether the roughness elements are two-~dimenuional or three-dimensional,
individual elements or disctributed (e.g., sand grain) type. The nosetip of a
hvpersonic vehicle, where the Mach number Is subsonic and the boundarv laver
is very thin, can be very sensitive to roughness. The frustum of a hvpersonic
vehicle, where the local Mach number is hvpersonic and the boundary layer is

relatively thick, is expected to be insensitive to small or moderate roughness.

(2.1) EFFECT OF PRESSURE GRADIENT

The general effects of pressure gradients are well known for situations
where transicion results from first mode instabilities. Both thecorv and
experiment have shown that favorable pressure gradients stabilize the boundary
laver and adverse pressure gradients destabilize the boundary laver, In many
cases pressure gradient effects are simultaneously cowmbined with other effects
so the resultant effect is not alwavs as expected. Stetson25 has 1llustrated
a hypersonic flow s{tuation (the local Mach number was supersonic) on a
sphere~-cone where the transition Reynolds nuuber decreased as the favorable
pressure gradient increascd (moving closer to the nosetip). Apparently the
destabilizing effect of the nosetip was more powerful than the stabilizing
effect of the pressure gradient. Also, the same paper reports that the
adverse pressure gradient on the cone frustum did not have a significant
effect on transition,

Surfaces which generate pressure gradients may sometimes generate Gdrtl-r

vortices, and this turther complicates the understanding of transition associ-
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ated with pressure gradients. It is then necessary to consider the two
competing effects on transition -- the effect of the first and second mode
di{sturbances and the effect of the Gdrtler vortices. When there exists a
concave curvature of the streamlines (not necessarily a concave surface) the
associated centrifupal forces result in the formation of pairs of counter-
rotating vortices called Gortler vortices, the aves of which are parallel to
the principal flow direction (see Fig. 32). The growth of Gortler vortices
can be calculated from a linear stability theorv (e.g., see the papers of
Floryan and Sarlc,65 El~Hady and Vermn.66 and Spall and Halik67). Experi-
mentally, surface visualization techniques, such as o1l flow, are believed to
show the existence of Gortler vortices. Also, Ginoux68 noted that the vortices
produce large peaks in the hert transfer rate in the lateral direction. An
interesting case has been found in the study of transition on wind tunnel
nozzles. Traasition was found to occur on Mach 3.5 and 5 nozzle walls earlier

69,70 011 flow studies showed streaks that were believed to

than expected,
recult from Cdrtler vortices. Stability calculations,7l for the M = 3,5
nozzle, indicated that the strong favorable pressure gradient damped the first
mode disturbances and the Cortler vortices were the major disturbances.

There i{s insufficient information available at present to make a predic-
tion of the effect of a specific pressure gradient on hypersonic boundary-
layer transition, Stability and transitior experiments are being planned to

|
study adverse pressure gradient effects and, hopefully, some guidance is
forthcoming. |

|

(2.4) EFPECT OF MASS TRANSFER

As with pressure gradients, mass transier effects can be described only
in a general way. Experiments have gshown that sucticn stabilizes the boundary
laver, It produces a "fuller" velocity profile, tust as a favorable pressure
gradient, and a more stable boundary layer, Blowing destabilizes the boundary
layer, analogous to the adverse pressure gradient. Details of the effects of
mass flow weights, gas cowmposition, and mass transfer methods are too sketchy
to be of much assistance in predicting the effects of mass transfer on hyper-
sonic boundary-layer transition in a specific situation. Mass tranafer

effects must also be considered in combination with other effects; for example,

it. effect on roughness and surface cooling.




Wind tunnel experiments by Hartellucci72 confirmed that mass trsnsfer had
a destabilizing effect upon the boundary layer. He noted that the effects of
mass transfer were much like surface roughness. When the mass was injected at
a subcritical value, no influence on transition was noted; however, at a
discretc value of blowing (termed the critical value) transition was affected

end moved recpidly forward.,

(2. k) FEYFECT OF HIGH TFMPERATURE/NONEQUILIRRIUM

This is an area which has only recently been addressed. Using linear
stability theorv as a guide, any effect which changes the boundary-layer
profiles will influence boundarv-laver stability. Therefore, high temperature
and nonequilibrium effects would be expected to influence transition. Ground
test facilities will not be of much help due to their limitations, so flight
test results and stability calculations must be relied upen for the anewers,
Mach 20 reentry vehicle transition data contains some high temperature,
equilibrium flow effects. Nonequilibrium flow field effects are generally
thought to be associated with the region downstream of a strong shock where
the gas temperatures are sufficiently large to produce varfous dissociations,
rearrangements, and fonization treactions (such as, behind a blunt nose) and
for low density conditions (high altitudes) such that the chemical reactions
are not fast enough to attain an equilibrium condition with the changing flow
field., Whether or not nonequilibrium effects will be significant at altitu”:s
relevant for boundary-layer transition presently does not have a general
answer and wiil probably require a judgement for the specific case being
congsidered. Eventually, ctability calculations should provide better insight

into these probiens.

(2.1) EFFECT OF VIBRATION

Vehicle or model vibration is not normally considered to be a major
parameter influencing boundary-~layer transition, However, for a vehicle which
has an operating engine, vibration effects should not be ignored, Intuitively
nne would expect structuval vibrations to be at such a low frequency relative

to the most unstable boundary-layec frequencies, that they would be of little

consequence.




PART 3: SOME ADDITIONAL GENERAL COMMENTS

There are several disturbance mechanisms which, given the right cendi-
tions, can produce boundary-laver disturbances sufficiently large to cause
transition to turbulence. Also, flow and vehicle parametric effects have
various influences on the growth of the boundary-laver disturbances and, thus,
can produce large variations in transition Reynolds numbers. Variations of
the freestream disturbance environment can aiso influence the path tec turbu-
lence. Following is an attempt to cetegorize the disturbance mecharisms under

the heading of those described vy linear theorv and those which are not.

{3.,a) MECHANISMS DESCRIBFD BY A LINEAR THEORY

For a small-disturbance freestream environment there are four funda-
mentally different instability mechanismse described by a linear theorv which
can produce disturbance growth in a hypersonic boundary layer,

First Mode, Tollmien-Schlichting (TS): In an incompressible boundary

laver a viscous instability produces low frequency, vorticity disturbances
which are most unstable as two-dimensional disturbances. Inviscid instabilicy
increaces with Mach number and for hypersonic boundary lavers much information
can be obtained from inviscid theory. Hypersonic first mode di{sturbances are
most unstable as oblique waves and generallv are slowly growing disturbances
which are not expected to become the dominant disturbances.

Second Mode (Mack Modes): Second mode disturbances are unique to a high

Mach number boundary layer since they require a region of the boundary layer
near the wall to be supersonic relative to the mean velocity at the general-
1zed inflection point. This instability produces high frequency, acoustical-
type disturbances which grow faster than T,S. disturbances, vet may still have
relatively slow growth rates compared to other potential disturbances. Second
mode disturbances should be the dominant disturbances in situations where
there are no major cross-flow, Gortler, or by-pass disturbances.

Crossflow: An inflectional instability of the crossflow velocity profile.
Little {s known about the characteristics of these disturbances. Experimental

transition data imply these disturbances can have rapid growth rates aud they

may be the dominant disturdances in three-dimensional flow fields.




Gortler: A centrifugal instability due to concave streemline curvature.
This instability produces counter-rotating streamwise vortices, which, under
some conditions, appear to dominate the trensition process. Little 1s known
about Gortler vortices in a hypersonic boundsry layer and how they interact
with other disturbances, such as, second mode disturbances.

l.inear stabilitv theory provides a valuable tool to study parametric
effects and has been utilized to descvibe the features of Tollmien-Schlichting,
Msck, and Gortler disturbances. Eventually linear theory can be expected to

address the ~rossflow disturbances,

(3.b) MECHAN1SMS NOT DESCRIBED BY LINEAR THEORY

Most of our understanding of boundary-laver stabilitv 1s associated with
those phenomena which can be described by &£ linear theory. Other aspects of
stability and transition which are not described by a linear theory are poorly
understood. For example, the characteristics of large boundary-layer disturb-
ances (too large for a linear theory) and the features of the final breakdown

to turbulence are not known and there is no theory available for guidance,

Another class of disturbance phenomena falls under the heading of what Morkovinl

refers to as a "by-pass,”

since transition in these cases has bv-passed the
known linear processes. In some situstions, disturbances apparently grow very
rapidly by some forcing mechanism and produce tyansition at very small Revnolds
numbers, where linear stabiljity theory would indicate that the boundary layer
would be stable for all disturbances.

An example of by-pase transi{tion occurs with high turbulence levels in
the freestreanm. Reshotko3 discussed the classic exanple of Poiseuille pipe
flow, Another case was observed by Kendall8 in wind tunnel experiments at a
Mach number of 4.5. Disturbances of all frequencies were observed to grow
monotonically larger in the region of a boundary layer excending from the flat
plate leading cdge to the predicted location of inatability; i.e., in a region
vhere linear stability theory indicated the boundary layer should be stable
for all disturbance frequencies., This early growth of disturbances was
attributed to the strong socund field generated by the turbulent boundary layer
on the nozzle wall,

Tn any new transition situation there should be concern about unexpected

transition hehavior. The ballistic reentrv transition problem of the 1950s

should be remembered as & example of how wrong we can be. The hlunt copper
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heat sink reentry vehicles were initially designed on the basis of maintaining
a laminar boundary layer throughout reentry, all the way to impact. Having a
laminar boundary layer to impact was then a logical conclusion, based upon
knowledge available at that time., The stability of Lees18 had indfcated that
wall cooling was verv stabilizing, Van Driest53 had made calculations which
irdicated after a certa'n cooling temperature ratio was exceeded, the bocundary
layer remained laminar for any Reynolds number. Sternberg's73 V-2 flight had
cbtained laminar Reynolds numbers up to 90 X 106 (which is still believed to
be the highest laminar Reynolds number ever reported), thus supposedly confirm-
ing the predictions of the stabilizing effects of cold walls, The heat sink
reentrv vehicle, in addition to having a highly cooled boundary layer, had a
strong favorable pressure gradient which would be expected to provide addi-
tional stability. It was easv to conclude that the boundary layer would
remain laminar until impact. Subseruent shock tube experiments (these results
later appeared in the unclassified literature as Ref. 37) and flight experi-
monts gave surpriging results. It was found that a highly coolea blunt body
does nct maintain a laminar boundary layer to large Reynolds numbers, but, in
fact, has very low transition Reynolds numbers. Transition on relatively
smnoth bodies typically occurred at length Keynolds numbers as low as 0,5 X
106 (Ree; 300). Surface roughness produced even lower transition Reynolds
numbers., It 1s now more than thirty years later and an explanation of this
blunt body paradox 1s still lacking.

Little is known about by-pass phenomena st this time. Therefore, for new
transition situations, the transition predictor should consider the possible
consequences of the low transition Reynolds numbers that might result 1if
by-pass transition occurs.

Surface roughness is another mechanism influenciny disturbance growth
which cannot be described by linear theory. Fortunately, experiments have
demonstrated that the hypersonic boundary layer is rather insensitive to
surface roughness. However, the nosetip or wing leading edge of a hypersonic
vehicle is a different situation. In situations where the boundary laver f{s

thin and the local Mach number is small, surface roughnees can be a dominating

factor.

{(3.c) CONFIGURATION DIFFERENCES

Be aware of the influence of configuration differences on transition,

Most of the aveilable hypersonic transition data base 18 for conical configura-
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tions and these data are being used to estimate transition on non-axisymmetric
configuratioas, The cone vs flat plate issue 1llustrates the problem, Up
until recently, it had generally been assumed that one should obtain higher
transition Revnolds numbers on cones than on flat plates, at least between
Mach number=s 3 and 8. This trend was consistently evident in wind tunnel
data. Pate7a made an extensive analysis of this problem and Fig. 33 {s taken
from his paper. At M, = 3, cone transi{tion Revnolds numbers were from 2.2 to
2.5 greater than flat plate transition Reynolds numbers., The value decreased
monotonically with increasing Mach number to approximately 1,0 to 1,] at M_ =
8.

Early stability analvses were for planar boundary layers. Recentlyvy these
analyses have been extended to axisymmetric boundary layers. These new
axisymmetric results logicallv led to a comparison of planar vs axisymmetric
stability results and papers by Macklg'zo and Malik22 addressed this problen.
Their numerical results indicated that cdisturbances begin to grow sooner on a
plate (smaller Rec), but they grow slower than in & cone boundarv laver, This
result would suggest that, for a quiet environment, thus a long distance of
disturbance growth before transition, plate transition Reynolds numbers should
be greater than cone transition Reynolds numbers, just the oppesite of the
wind tunnel results. Subsequently, experiments were performed in the NASA/
Langiey Research Center Mach 3.5 quiet tunnel to investigate this issue.z3
The ratios of cone-to-flat-plate transition Reynolds numbers were found to
vary from about 0.8 for low-noise freestream conditions to about 1.2 for
higher noise conditions, These new quiet-tunnel experimental results support
the implications of the analytical results obtained using linear stability
theory and indicate that the transition data of Fig. 33 was not a general
result, but was dominated by wind tunnel freestream noise,

Recently, Mc=» 8 stability and transition data have been obtained with a
10 inch diameter hollow cylinder with & sharp leading edge (Stetson et al, to
be published), These cylinder data should be equivalent to the planar data of
a sharp flat plate. The cylinder was water-cooled, thus permitting a compari-
son with the water-cooled, 7-degree half angle cone data obtained in the same
Mach 8 wind tunnel.la Heat transfer rate data were used to determine the
locatfon of boundary-layer transition and hot-wire data provided details of

the boundary-layer disturbances. These transition ddata were consistent with

previous transition results from conventional wind tunnels, The cone transition




Reynolds numbers were approximately 3,2 X 106 and the cylinder transition
Reynolds numbers were approximately 2.7 X 106. resulting in a cone-to-cylinder
ratfio of 1.19 (this 1s in close agreement with the data of Fig. 33). Also,
the second mode disturbance growth rates obtained from the hot-wire data were
consistent with the previously mentioned numerical results. The second mode
disturbances in the planar boundary laver were found to have smaller growth
rates than second wode disturbances in a conical boundary layer. Thus these
new data support the apparent contradiction between stability analvtical
results and conventional wind tunnel transition data. Details of the cone vs
plate issue are still lacking; however, it appears evident that the results of

Fig. 33 should not be used for flight applications,

(3.d) SOME PROBLFMS OF WIND TUNNEL TRANSTTION DATA

Higtorically, the wind turnel has been the major source of boundary-laver
transition information. Often these wind tuunel data have become the primary
data base used to develop transition correlations and to establish transition
criteria for flight. During the late 1950s and the 1960s, the identification
and understanding of wind tunnel freestream disturbances provided an explanation
for wind tunnel transition Reynolds numbers being smaller tharn flight transition
Reynolds numbers. A quiet wind tunnel (freestream disturbance amplitudes
reduced to a small value) was proposed as a wav of obtaining wind tunnel
transitior Reynclds numbers which would be comparable in magnitude to flight

values. However, it is important to keep in mind that one should not expect 3

transition Reynolds number obtained in any wind tunnel, conventional or quiet,

to be directly relatable to flight.

Only in & few isolated cases can one expect to duplicate hypersonic
flight conditions in a wind tunnel. Furthermore, even though the configuration
can be duplicated, it is usually of a relatively small scale. Thus, one must
rely on similarity parameters and extrapolation procedures in order to use
wind tunnel data for flight vehicle design and performance predictions. For
wind tunnel transition experiments, in addition to similarity in terms of Mach
nuw.er and Reynslds number, one must also be concerned with similarity of
freestream environments and similarity of boundary-layer profiles.

An internal flow system, Buch as a wind tunnel, has a number of sources

to generate velocity, temperature, and acoustical fluctuations not present

within the atmosphere, 1t 1s w2ll known that the freestream of a wind tunnel




is a different environment than found in the atmosphere, One can reduce the
amplitude of these disturbances, as in a quiet tunnel, but {t is unrealistic
to think of duplicating the atmospheric environment i{n a wind tunnel. The
flight environment is mostly unknown and i{s probably time-dependenr, So one
must live with a wind tunnel environment which is different than flighe,

For most situations the transition Revrolds nuwnbers obtained in wind
tunnels are lower than corvesponding flight transition Reynolds numbers. It
should be remembered that the differences between wind tunnel and flight
transition Reynolds numbers are not the same throughout the Mach number range.
The largest differences are generally at supersonic Mach numbers and the
smallest differences are at subscnic and large hypersonic Mach numbers. Figs.
16 and 17 1llustrate these differences. Also, the specific configuration is a
facter, In some cases, a transition parameter may be dominant enough to
overshadow the difference in the freestream environment (e.g., bluntness or
surface roughness). The wind tunnel transition Reynolds numbers obtained on
the shuttle configuration were not much less than found in flight,

One may be able to duplicate a flight Mach number and Revnolds number,
but generally in hypersonic wind tunnels it will not be possible to duplicate
velocity or temperature. Therefore, it is not possible to maintain similarvity
of boundary-layer profiles between wind tunnel and flight. Since the boundary-
layer stability characteristics are very sensitive to the profiles, differences
in transition Reynolds number must be expected as a result of profile differences.
The sens{tivity of boundary-layer transition to changes in boundary-layer
profiles is presently not well enough understood to evaluate this effect,
However, stability calculations of Mack19 suggest that the effects are aigni-
ficant. Mack made stability calculations corresponding to wind tunnel conditions
and stagnation temperatures of 922°R and 1310°R. He noted that, '"increasing
the stagnation temperature has a consideranble stabilizing {nfluence at Me "
6.8. The amplification rate is lowered at almost all frequencies and the
unstable frequency band is narrowed by about 152." A reduction in second mode
amplification rates would be expected to increase the transition Reynolds
number. If this 1s a consistent trend, then the larger stagnation tempera-
tures in flight should produce larger transition Reynolds numbers than found
in wind tunnels, independent of the environmental effects, Also, the larger

stagnation temperatures of a shock tunnel should produce larger transition

Reynolds numbers than the long duration, conventional hypersonic wind tunnel.




1t is difficult to even speculate how tranasition in cold helium flow should

ralate to other situations.

The bottom line is that a hypersonic wind tunnel cannot duplicate the

atmospheric environment or the boundary-laver profiles; therefore, there is no

reason to expect the wind tunnel to duplicate flight transition Reynolds

numbers, A ponssible approach to obtain a solution to this dilemma 18 to take
the same approach as being used for other aspects of hypersonic aerodynamics -
through a combination of analytical and experimental studies. To the extent
possible, experiments should be conducted to define the instability phenomena,
to compare with theeory, to assist in the modelling of the instabilities for
computation, to check the computational methods, and to evaluate the differ-
ences that occur because the environment and boundarv-laver profiles have not
been duplicated. The experimental requirements defined above require stability
experiments, not transition experiments. When the only information obtained
is the location of transition it is impossible to know the disturbance mecha-
risms which caused the transition or anv details of the transition phenomena.
A basic question that needs to be answered is whether or not the transition
phenomena are the same in wind tunnels and in flight, 1f the transition
phencmena are the same and the difference in transition Revnolds number are
only the result of a difference in the freestream disturbance environments and
the boundarv-layer profiles, then the situation 13 promising. Compatibility
of conventional wind tunnel, quiet wind tunnel, and flight transition Reynolds
numbers becomes a matter of properly accounting for the environmental boundary

condition and the boundary-layer profiles.

(3.e) LENGTH OF THE TRANSITION REGION

As a8 rule-of-thumb, it has heen customary in the past to assume that the
length of the transition region was the same as the length of the laminar
region, The end of transition is not as well documented as the onset; however,
there is a reasonable amount of data to support this conclusion., For example,
the sharp cone and sharp plate correlations of Masaki and Yakura75 and the
extensive work of Pate74 supprrt this reasoning. Pate found
(ReXT)B (REXT)EE 0.5 for a range of local Mach numbers from 3 to 8, There may
be some variations in the reported transiticn lengths due to the method of
detecting trasnsition onset. The location of transi{tion onset has been found

to vary depending upon the method of detection; whereas, the end of transition
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was essentially independent of the method used. For example, transition onset
detected optically is consistently further downstream than onset detected by
heat transfer rate or surface total pressure. These findings prompted Pate to
make his correlations based upon the end of transition, rather than onset.
Harvey and Bohbitt76 have reported that ir low noise wind tunnels and flight
the transi{:ion region can be tuch shorter than the lamirar region, with
(ReXT)B/kReXT)E varying from about 0.5 to 0.9. Most flight experiments have
added uncertsinties due to the inability to control the flow conditions and
vehicle alticude, coupled with more restrictions on vehicle !nstrumentation,
An exception was the carefully controlled flight experiments of Neungherty and
Fisher.BO A S-deg. half angle cone, which has been extensively tested in
transonic and supersonic wind tunnels, was mounted on the nose boom of an F-15
atrcrafr and flight tested, The same instrumentation, primarily a surface
pitot prcbe, detccted transition both i{n flight and in the wind tunnels. The
flight experiments, up to a Mach number of 2.0, measured a very short transi-
tion region, with (ReXT)B/(ReXT)E being between 0.8 and 0.9. Mach 6 wind
tunnel experiments = (see Figures 24 and 26), on a 8~deg. half angle cone with
both a sharp tip and small nosetip bluntness, found XTB/XTE to be approximately
0.75. With larger nosetip bluntness, which produced early frustum transition,
there was typically a very long transition region. Usually the transition
region extended to the end of the model so that the end of transition could
not be measured, with the transition length being several times as long as the
laminar length, The Reentry F flight test data showed large variations in the
XT)B/(Rex,r)E = 0.64 and
at 60,000 feet, the value reduced to 0.19. These results very likely reflect

length of the transition region. At 84,000 feet, (Re

the coupling of several effects and are ditficult to interpret,

It can be seen that the length of a transition region to be expected in
hypersonic flight is not well defined and predictable. The Reentry F flight
results would support long transitional regions; whereas, several other
results indicated that short tranasitional regions should be expected. There

is clearly a large uncertainty associated with a prediction of the transirion

length.

(3.f) SOME PROBLEMS WITH FLOW FIFLD CALCULATIONS

Remember that boundary-layer properties are an important element in the

interpretation and analysis of transition results. Uncertainty in flow field
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calculations directly influence the uncertainty in the tranaition estimates.

This is an important point to keep ip mind when using transition data. The
uncertainty of an author’s flow field calculations are often overlooked when
studving his results and comparing his data with the data of others. In this
reg 'td, much of the available hypersonic transition data were obtained 20 or
more vears apo. The techniques used to generate the boundarv-laver properties
‘ar the analvses of these results may have been primitive by today's standards.
t£1so, curvently much detajiled flow field info'mation is obtained from Parabo-
lized Navier-Stokes (PNS) codes. Characteristicallv, the boundary-laver edge
condicions derived from PNS results differ significantlv from boundarv-laver
code resuits. Unfortunately, these differences have not been adequately
investigated and documented, making it difficult to account for code diifer-
ences in transition problems. TFig. 34 illustrates this problem by comparing

PNS cede, beoundary-layer code, and experimental results, This example points

out that, not cnlv are there differences betwzen PNS code and boundarv-layer

coge results, bur these differences atre very sensitive to the grid densityv

utiliced in the PNS code. The erperimenial data were obtained with a nuletl-

probe system which had major interference effects near the surface. The outer
portion of the boundary iayer 1s believed to be a reasonable represeuntation,
The veloctty was calculated from the total pressure data, assuming a const nt
static pressure through the boundarv laver. The boundarv-layer code results
vere cbtained from the Patankar-Spalding code.77 The agreement with experiment
is geod nzar the outer portion of the boundary layer and the boundary-layer
edge defined by the code wns close to that obtained by experiment, As a
check, PNS results were obtained for these same conditions, using the AFWAL
PNS code.27 The initiel run uged 60 grid points, between the surface and the
shock. A definition of the boundary-liayer edge as the height above the
surface where ~he euthalpy ratio (hT/hTm) reached 0.999 1s shown. The pro-
files and the deiinition of the boundary-layer edge are significantly differ-
ent than the Loundarv-layer cuvde results and the experimental data. The PNS
talculatlons were repeated, doubling the grid points to 120, and the PNS
profile becaue much closer to the goundary-layer code profile, but there vere
still diffzrences .n the cuter part of the boundary layer, A third PNS calcu-
lation wv.s made, stil’ with 120 grid points, but increasing the density of

grid prints in the houndary laver., These results (not shown) were only

slightly different, woving the profile in the direction of closer agreement




vith the boundary-layer code results and the experimental data. There seems
to be several messages from the information on thias figure which warrant
further investigation to see if they represent an isolated or the general
case.

{i) PNS and boundary-layer codes give Jifferent boundarv-layer profiles
ard different edge conditions.

(2) PNS codes can give a variety of profiles, depending upon the grid
density used. It appears that PNS profiles may generallv require an iteratiocn
procedure. A recent paper by Neumann and Patterson78 discusses PNS computa-
tional strategy to obtain an efficient, good solution.

(3) For boundary-layer profiles on relatively simple configurations,
perhaps the old boundary-layer codes have been too guickly abandoned.

{4) There is particular concern in the generation of mean profiles for
stabiliry calculations (e.g., the eN method). Boundary-laver stabiliity
analyses are sensitive to the mean profiles that are used. If these profiles
are generated with a PNS code, the code-related influence could be a problem.

Calculations of the boundary-layer properties are a very important part

of the transition problem. Close attention should be given to the flow fileld

properties.




PART 4: COMMENTS ON SOME PREDIZTION METHODS

(4,8) INTRODUCTION

There are uc good, renersl empirical transition correlations, The

extreme complexity of the transition process requires that anv technique make
serlous compromises, As previouslyv discussed, transition is influenced by
manv parameters. Some parameters have a large effect and others have little

or no effect. Several parameters are cften competing for the dominant role,
and, for a given sftuation, it is not always possible to predict the outcome.
Even {f one were successful in identifving the major parameters, it would not
be pcssible to accouynt for thelr individual effects in a transition correlation
technique. Usually an empirical correlation is based upon a dominant parameter
and the others are neglected. Many effects become hidden in the empirical
relationship. As long as the transition correlation is being applied to a
conflguration and flow condition similar to those of the data base used to
establish the correlation, the hidden effect mav not be greatly dissimilar. A
problem exists, however, when one wants to apply a transition correlation to a
configuration or flow condition unlike those of the data base. A change in

the outcome of the competition of the various factors, or a change 1in the
contribution of the various hidden effects, can greatlv reduce the accuracy of
the transition prediction,

One should always keep in wind that empirical transition correlations are
always tallored to emphasize certain effects on a special class of configura-
tions and flow conditions, When using a particular correlation it is important
to have knowledge of how the correlation was developed and the data baced used
in the development. It 1s {mportant to consider how well the case tn point
corresponds to the data base of the correlation and make an allowance for the
fact that the hidden effects might cause a surprise. All transition predic-
tions have an uncertainty associated with them. It would seem desirable to
try to estimate the uncertainty of a transition estimate and to Indicate the
degree of confidence in the prediction.

Since all transition prediction methods are empirical, an_ experimental

data base is a necessary requirement in eastablishing a tranciiion prediction

method, The availability of a data base, per se, is not a problem since much

experimental tranrition data have heen obtained over the past years. The

problem is that one seldom has the right data available, Transition experi-




wments document the location of the breakdown of laminar flow and how some flow
or geometric parameter causes that location to move, The specific details of
the phenomena involved are usually lacking and the .nterpretation of the
transition data becomes difficult and speculative. If an attempt is made to
utilize a varietv of results in a single transitlion plot, the large variations
of results will generally make {t impossible to establish a meaningful empirical
relationship. Fig. 35 (from Ref, 79) illustrates the problem. 1t becomes
essential to be selective In the data used and to include only those data
which most nearly correspond to the problem in question. The decision of what
data to use in the establishment of a ewmpirical relationship and the transition
criteria is always a difficult cholce since it can have a large effect on the
resulting transition predictions. Such a procedure then limits the generality

of the prediction method, The trend seems to be that improvements to the

prediction method are made onlv at the expense of greater limitations on the

application of the method. It is clear that one should always know what data

vere used to establish the transition prediction method being considered.

When it becomes necessary to predict trunsition on a new configuration or
at new flow condi:ions empirical prediction methods have problems. The data
base can only be used as a guide and anv transition predi{ction for such a
situation will have a large uncertaintv associated with {it.

(4.b) ReeT/He = CONSTANT

One of the most commonly used transition predictior methods is to use
ReeT/Me = constant, This technique was used for the Space Shuttle, and this
prior usage has seemed to make {t a prim:2 —:andidate fo. future transition
predictions. The fact that {t worked reaso-ablv well for the Shuttle was due
to the uniqueness of that situation and tlii~ shoul:l not be interpreted as
verification of the te~hnique in general. The Shnttle's very blunt nosetip,
high angle-of-attack, rough surface, and locally supersonic flow (with little
variation) elways produced relatively low transition Reynolds numbers which

were not much larger than obtained in wind tunnels. It can easily be shown

REO/ME = constant should not be expected to have a general application. Fig.

36 schematically shows the trend of transition Reynolds number vs Mach number
variavion for sharp cones. When a cone with nosetip bluntness 13 considered,
a whole family of cuvves result, with a geparate curve for each freestream

Mach number. When we say Ree/Me = congtant, we are trying to represent all of
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these data by a single slope. There 18 only one region where a single slope
appears to provide a reasonable representation of the data, For & sharp cone
and Me > 8, a slope of about 100 seems to be reasonable. Note that for
subsonic Mach numbers the constant can exceed 1000. Therefore, for Mach
numbers up to 8, the constant 1s varving bv a factor of 10. When considera-
tion is given to entropyv layer effects generated by a nosetip, there is no
reglion where a constant slope has any credibilitv. The best that can be done
is to use some average slope. The fact that Space Shuttle flight transition
data gave a slope in the range of 200-400 Me €2 is of no value in predict-
ing transiction on a hypersnnic vehicle with large local Marh numbers.

It should be remembered that Ree is proportional toc (Rex)k. Therefore,
plets of Regy, and the variations in Ree. must be viewed in this perspective.
It was thought to be informative to show a comparison of Reg and Rex. Fig. 37
shows approximate calculations for sharp cones. Note the iarge variations 1in
Rex at large local Mach numbers that result from changes in the Ree/Me constant,

Fer example, at Me = 15:

Re . /M Re

0 e x 6
100 36.9 x 10
200 148 x 10°
300 332 x 10°
400 san  x 10°

Considering that the Reentry F flight data indicated a sharp cone transition
Revnolds number of approximately 40 X 106, which corresponds to an RﬁB/M. Just
over 100, there seems to be no rationale for using large values of Ree/Hc for
this case.

Using Ree/Me = constant, and using the same constant for a range of lecal

Mach numbers, is not likely to result in good transition predictions.

(4.¢) ReBT vs X/RN
Probably the mcst extensive transition correlation study ever made was

perforued by Martelluccl and associates. Some of these results are presented
in Ref. 80. They considered approximatelv 200 reentry vehicle (M_ & 20) cases
and selected those which met the following criteria:

a. Small angles of attack at transition onset, cx/ec <0.1

b. The trajectory could be determined




T'_'___-_________-—

c. Sphere - cone configurations
d. On-board sensors
e¢. Redundant transition altitude sensors
This resulted in the consideration of 72 reentry vehicles and 149 data points,
In order to obtain a consistent set of boundarv layer properties thev
performed the following calculations: .
a, LUtilization of engineering methods to determine thermochemical shape
change of ablative nosetips throughout reentry - the results of which vere -
used as inputs to the inviscid flow field and boundarv layer codes,
b. A numerical solution of the inviscid shock layer for axisymmetric
budies, to provide shock shape and surface pressure distributions.
¢. A numerical solution of the heat conduction equation to define
{n~depth material response, frustum ablation, and surface temperature charac-
teristics,
d. A numerical implicit finite difference solution of the boundary laver
equations which included mass addition effects,
The resulcing data were correlated against over 50 different transition
correlation techniques (Re,/ = constant, was one)., A significant, although

M
e
not surprising, result was that none of the correlation techniques did a good

Job of correlating the data. Reg vs 1(,1./11.N correlations were considered to be

the best and further improvements could be made by usi{ng sub-sets of data for
like heat shield materials. Fig. 38 (from Ref. 80) shows some of the results,
Like all transition correlations, many effects are not accounted for. This

correlation applies only to Mach 20 reentry vehicles and should not be used,

as is, for other Mach numbers since the relationship is Mach number dependent.
Bluntness effects are only partially included, but as long as only slender

reentry vehicles with smal) nosetip bluntness are considered, bluntness

effects are nearly similar, That is, using Rotta's3a similarity approach for

highly cooled sphere~cones, the boundary layer properties within the entropy

layer resulting from the nosetip are a function of S/Rn .
K(Re_/FT, RN)1/3
where the constant K 1s primarily a function of cone angle aud Mach number and -

can be obtained from Fig. 20. Thus, for situations where K(Re/FT, RN)1/3

does not vary significantly, S/EN. by itself, adequately accounts for the

varfation of boundary layer properties within the entropy layer, Note, also

that 1t 1s the product of these terws that 1is important, not their individual




values, Thus, if the freestream unit Reynolds number is decreased an order of
magnitude (increasing altitude by approximately SOK feet) and the nosetip
radius 1s increased an order of magnitude, the entropv layer, in terms of S/Rn
i{s unchanged,

This Reg,. vs X/RN transition correlation was not meant tn be a general
correlation and should not be used as such. Like all correlations, it should

he used conly where 1t 1s approrriate,

(4.d) e

Empirical correlations address only the resultant effect of many parame-
ters. The net effect of all of the involved parameters is represented by a
single curve. Thus, it is imposs{ble to know the individual contributions of
the various parameters or the generality of the correlation, It 1e desirable
to have an analytical amethnd which can account for the historv of the boundary-
layer disturbances in the lawminar boundary layer prior to transition. Within
the 1imits of the theory being used an analytical method can be used to studyv
the influence of the various parameters on transition, as well ar the combined
effect, This would provide valuable opportunities to study parametric effects.
Also, an analytical method has the potential of handling new situations,
provided the appropriate stability theory and mean flow calculations can ho
obtained.

Presently, the most common analvtical approach to predicting transition
follows the method of Smith81 and Van lngen.82 Linear stability theory 1is
utiiized to calculate amplitude ratios, Transition is presumed to occur with
the earliest attainment of some preassigned amplitude ratio, usuallv expressed
as eN. The solutions of the linear stability equations yield the disturbance
growth rate b—ai) ;ﬁdch cen be integrated to ccmpute the exponent N:

N = ln(A/AO) = _// - JS . Se 18 the location of the onset of instabil-
ity (at Rec) andsfk0 is the disturbance amplitude at Rec. This method is often
criticized a3 having no theoretical justification for predicting transition
since all {t does is compute an amplitude ratio (A/Ao). It ignores the
environment (Ao) and the ac’.ual transition process. The value of N must be
input, based upon available experimental data, and transition 1s predicted to

occur when N reaches the preassigned value. In spite of such criticismsg, 1t

is_presently the best analytical) transition prediction method {n general uge

and Bushnell and his sssociates at NASA/Langley Research Center have reported
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rather rewarkable results for subsonic, supersonic, and low hypersonic aitua-

tions. Their results account for first mode, second wode, Gortler, and
crossg~-flow disturbances and have been applied to cones, flat plates, airfoils,
bodies of revolution, swept wings, swept cylinders, a rotating disk, and a
wind tunnel nozzle wall, Ref. 83 contains a list of the references describing
these results, Some recent results of Malik22 contain some hypersonic
results. His computations for sharp cones, using a N-factor of 10, showed
that first mode disturbances were responsible for transition at adiabatic wall
conditions for freestream Mach numbers up to 7. For cold walls, second mode
disturbances dominated the transition procecs at lower hypersonic Mach numbers
due to the destabilizing effect of cooling on the second mode. Malik's
results also srhow that a favorable pressure gradient and suction are
stabi{l{zing for second mode disturbances.

Verificat{on of the eN method for hvpersonic, three-dimensional, high
temperature flows with entropy layers will be an extremely difficult task. Of
course, verification of other aspects of such flows will face similar diffi-
culties. Obtaining valid mean profiles to input the stability calculations
and obtaining reliable flight transition data to determine the proper

N-factors are seen as particularlv difficult tasks.




PART 5: COMMENTS ON PREDICTION METHODOLOGY

As previously mentioned, there may be several disturbance mechanisms
which are competing for the dominant role in the transition process. The
transition prediction methnd selected should be appropriate to deal with the
dominant disturbances in the boundarv layer. VFor example, 1t would make
lictle sense to use a transition prediction method based upon second-mode
disturbance transgition when the case in point was dominated by Gdrtler
vortices, Therefore, the first step is to make an initial assessment of the
boundarv~-layer disturbances to determine the dominant disturbances which -re
controlling transition. Calculate the critical transitifon parameter for each

class of disturbance to see if this condition is exceeded.

(5.a) NOSFTIP

Hypersonic configurations, through necessitv, will have some degree of
nosetip hluntness., Due to the fact that nosetip transition Reynolds numbers
are very low, possibly being two orders of magnitude less than frustum
transition length Reynolds numbers, it is necessary to consider nosetip
transition independently from the rest of the configuration, This 1is a
Morkovin "by-pass” situation which cannot be explained theoretically, but
sufficient experimental data have been obtained to provide guidance in pre-
dicting transition. This basicaliy requires a calculation of the Reynolds
number at the sonic point, along with an allowance for the surface roughness
and the temperature ratio across the boundary laver, also at the sonic point.
If transitior does occur on the nosetip, all flow downstream can be expected
to be transitional or turbulent. Nosetip transition is insensitive to free-
stream Mach number and very dependent upon nosetip radius, surface roughness,
and the remperature ratio across the boundary layer (the local Reynolds number
at the sonic point is dependent upon the nosetip radius and the boundary-layer
1s very thin, making roughness more effective). Fig. 22 contains some nosetip
transitifon data. PFor a "smooth" nosetip, Ree's greater thar about 3C0 can
result in transicion on the nosetip. A rough nosetip significantly reduces

the transition Reynolds number, Ref., 84 contains a review and evaluation of

nosetip transition experinents,




(5.b) EARLY FRUSTUM:

Farly frustum is defined s8 the region just downstream of the nosetip,
extending for several nose radii. Early frustum transition is a subject which
has only recently been identified. The transition experiments reported in
Ref, 25 clearlv identified the earlv cone frustum as a region with {ts own
transition criteria. This region, which extended for several nose radii down
the frustum, had very low transition Reynolds numbers. It was determined that
transition on the earlv part of the frustum could be related to conditions on
the nosetip. Earlv frustum trangition could be related to the Reynolds number
at the sonic point and the nosetip surface roughness, analogous to the nosetip
transition criteria. Therefore, calculations of Ree at the nosetip sonic
point can also be used to predict early frustum transition., For a sphere-cone
at a Mach number of 6, Ree 's of 120, or greater, at the sonic point of a
smooth nosetip produced transition on the early portion of the frustum., That
is, for Ree's at the sonic point of less than 120, both the nosetip and the

G
to about 300, the nosetip had a laminar boundary layer and transition occurred
on the early region of the frugtum, For Re,'s of about 300 or greater,

G
transition occurred on the nosetip., Fig. 22 gives a criterion for both early

‘;

early portion of the frustum had a laminar boundary laver. PFor Re_.'s from 120 ]
|
\

frustum transition and noseti{p transition. Unfortunatelv, not enough

informaticn is known about esrly frustum transition to determine the

generality of these results. It appears that the results are sensitive to the

favorable pressure gradient. Increasing the pressure gradient, as would

result from increasing the freestream Mach number, is expected to increase the

threshold value of Ree above 120. Likewise, decreasing the pressure gradient

15 expected to rzduce the threshold value.

(5.c) CROSSFLOWS
There 15 little guidance available for estimating the effects of

crossflow on hypersonic transition, Experimental data are available for the
leeward side of cones at angle-of-attack (samples are shown in Figures 23-27)
and indicate low transition Reynolds numbers in this region, If the cone
configuration 18 relevant to the problem at hand, transition estimates may be
tased upon the cone data. A more general method would be to base crossflow

influenced transition upon a crossflow Reynolds number. The laminar boundary-

layer profile in a three-dimensional, viscous flow has a twisted profile that




can be resolved into tangential (u) and crossflow (w) velocity components.

The crossflow component of the velocity 1is used for the computation of cross-
flow Reynolds number. Owen and Randall.“3 performed subsonic experiments with
swept wings and found there was a critical crossflow Reynolds nurber that
cdused transition to make an instantaneous jump from the trailing edge to near
the leading edge. Using a length dimension of nine-tenths of the bourdarv-
laver thickness, the critical crossflow Reynolds number was 150 to 175,

Higher subsonic laminar crossflow Reynolds numbers have been repnrted, so the
generalitv of the Owen and Randall data 1s not known. Pate64'74 has indicated
that the Owen and Randall results appear to be valid for supersonic flows, If
the boundary-layer thickness is used as the length dimension, a value of 200
seems like a reasonahle conservative guess for hypersonic flows. The
procedure would be to make calculations of crogssflow Revnolds numbers and see
if any conditiorn resulted in a number which exceeded 200. For those
conditions where the crossflow Reynolds number exceeded 200, it could be
expected that crossflow instabilities would dominate and cause trangition.

The crossflow Reynolds number is defined as:

Re =
cF Pe “max

He
(5.d) LEADING EDGE CONTAMINATION

A cylinder normel to the flow has a stagnation line. However, if the

cylinder is swept, one can think in terms of the normal component of velocity
as stagnating, but there 1s no true stagnation line since the tangential
velocity component remains unchanged in passing through the bow shock

wave, The line of maximum pressure {(usually called the attachment line or the
leading line) corresponds to the line which divides the upper surface flow
froon the lower surface flow, The existence cof the tangential velocity along
the attachment line requires that the attachment line have & boundary layer
(one can also think in terms of the windward meridian of a cvlinder at angle-
of-asttack). The attachment line boundary layer can he laminar, transitionel,
or turbulent, depending upon the values of the pertinent parameters. However,
the boundary layer on the attachment line of an infinite swept cylinder is
unique in that it is invariant with position on the cylinder. Thus, in the
absence of any parameter variations, the state of the attachment line boundary
layer (e.g., laminar or transitional) is invariant with position on the

cylinder. (A swept wing with a constant leading edge radius can be considered

anglogous to a cvlinder.)




In addition to crossflow ingtabilities, there is another important
mechanism that can dominate transition in the leading edge region of swept
wings. This mechanism is referred to as "leading edge contamination"., If the
beginning of the leading edge of a swept wing is In contact with a solid
surface (e.g., a fuselage or a wind tunnel wall), the turbulence which is
present ir the boundarv layer of the adioining surface will contaminate the
leading edge boundary of the swept wing. Such turhulence contamination has a
significant effect on the state of the leading edge boundary layer and can
dominate the transition process on the wing.

Bushnell and Huffman85 correlated a large amount of data for Mach numbers
up to 10 and sweep angles from 10 to 80 deg. and found that when no end
disturbances were present, the attachment line flow was always laminar up to
values of RemD =8 X lO5 (a Reynolds number based upon freestream conditions
and the leading edge diameter), which was the upper limit for data available
at that time. When large end disturbances were present, transition was
generally observed for RemD 32 X IOS. Creel, et al86 investigated transition
on 45 and 60 deg swept cylinders in the Mach 3.5 Quiet Wind Tunnel. Thev
found that end plates or large trips near the upstream end of the cylinders
caused transition along the entire attachment line of the models for Re°° 2
1.0 X 105. When all end disturbance sources were removed, transition occurred
on the attachment lines at RemD z7-8 X 105.

Poll has made an extensive inveatigation of the effects of turbulence
contamination upon leading edge transition, including both incompressible and
compressible flows (see, for example, References 40, 87, and 88). Fig. 39
(from Ref. 87) indicates the conditions for attachment line transition on an
infinite swept cylinder in terms of momentum thickness Reynolds nuamber,
boundary-~layer edge Mach number, and wall-to-recovery temperature. Fnr
Revnolds numbers less than the critical value, turbulence contamination in the
attachment line boundary layer 1is damped and the boundary layer remains
laminar., Remember that since the attachment line boundary layer on a cylinder
is not growing, it remains laminar regardless of the length of the cvlinde:
When the critical Reynolds number is exceeded, the disturbances grow and cause
transition on the attachment line,

In the check for dominant mechanisms, first make a judgement as to
whether or not the leading edge boundary laver will be contaminated with

turbulence from an adjoining surface, If the leading edge boundary 1s contam-



inated, calculate the attachment line momentum thickness Reynolds number to
see 1f it 18 greater than or less than the critical value given in Fig., 39.
If the Reynolds number exceeds the critical value, transition can be expected

on the leadinpg edge,

(5.e¢) ADVERSE PRESSURE GRADIENTS/GORTLER INSTABILITIES

There 1s insufficient data available to establish a general criterion to
determine when adverse pressure gradient effects and Gdrtler Iinstabilities
will dominate and produce an earlv transition, A limited amount of transition

data on ccncave surfaces has been corvelated with the Gdortler number; G =
0

Re — , where Re

"CeY R (]

momentum thickn~ss and RC is the radius of curvature of the boundary-laver

is the momentum thickness Reynolds number, 81is the

streamlines (s. , ‘or example, Ref. B89). Transition was found to occur for
GArtler numbers be.ween 6 and 10.

Linear stability theorv (the eN method) has been used to predict the
effects of Gdrtler instabilities on transition of boundarv lavers on wind

1. a
tunnel nozzle walls./l’ e

(5.f) SECOND MODE

There 1s no simple criterion to use to estimate second mode disturbance
transition., A starting point could be to utilize a2 collection of cone
transition data (such as Fig. 17) or by a correlation technique such as
discussed in Part 4, Remember that flight data such as contained in Fig, 17
already contain effects such as small nosetip bluntness, small angles-of-
attack, and some surface temperature variations. Some of the flow and geo-
metric parameters which influence the instabilities mentioned in S5a through Se
alsc influence the growth of second mode disturbances (e.g., nosetip bluntness
and surface curvature). Therefore, it 1is necessary to consider how second
mode disturbance growth is modified by parametric effects. The parametric
trends such as discussed in Part 2 can be used as a guide. Most of the
parametric trends come from wind tunnel data. The influence of the wind
tunnel noise rmay present some uncertainty in the trends; however, they are
generally thought to be correct. A possible exception is the effects of unit
Reynolds number. The wind tunnel freestream environment can produce a unit

Reynolds number effect not expected in flight. However, it is speculated that

unit Reynolds number effects boundary~layer transition in several ways,




therefore a unit Reynolds number effect in flight should not be ruled out.
Until the situation is clarified, it is suggested that a unit Reynolds number
effect be applied to flight data, if such an adjustment would be & more
conservative estimate,

Ericssongl stated that the delay of transition caused bv small nosetin
bluntness is attenuated by the wind tunnel noise, but in flight an order of
magnitude increase in transition Reynolds number can be obtained for "optimum
nose bluntness."” However, there is no evidence to support his statement., In
fact, a comparison of Mach 6 wind tunnel data with Mach 20 flight data shows a
remarkable s{milaritv between wind tunnel and flight, Fig, 40 presents these
results. The Mach € wind tunnel data is from Ref. 25 and the Mach 20 flight
data 1s from References 35 and 36. The change in transition Reynolds number
as a function nf location within the entropvy laver is shown. The extent of
the entropy laver was estimated bv the method of Rottaab (Fig. 20), Although
the magnitude of the transition Reynolds numbers differed significantly, the
percentape changes were very similar (the Mach 6 transition Reynolds numbers,
for a unit Reynolds number of 11,2 X ]06/ft., varied from about 6.4 X lO6

(sharp) to about 10.3 X 106 (Rn/RB = 0,03). The Mach 20 flight data varied

from about 40 X 1()6 (sharp) to about 68 X 106). There are obvious risks in
drawing conclusions from a single comparison, but, unfortunately, there are
presently no other data for such comparisons. Until further information
becomes available, it 1s suggested that small nosetip bluntness be assumed to
increase the transition Reynclds number by a factcr less than iwo, as shown 1in
Fig. 40. An order of magnitude increase, as predicted by Ericsson.91 would
suggest that optimum nooetip bluntness for the Reentry F vehicle should
produce transition Reynolds nurbers of about 400 X 106. an unrealistic
prediction,

In making a judgement as to whether or not small nosetip bluntrecss will
be significant, keep in mind that small bluntness can influence boundary-laver
transition for large distances downstream of the nosetip. For example, a one
inch nosetip radius can influence traneition for more than 100 feet downstream
of the tip, far beycnd what one might intuitively estimate. Fig. 41 was
prepared to i1llustrate this point. For a 5-deg. half angle cone at zero
angle-of-attack traveling on rhe altitude va Mach number trailectory indicated,
the extent of the nosetip influence on boundary-layer transition is shown for

three nosetip radii. Wind tunnel data, and a limited amount of flight data,
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have {ndicated that the noset’p history in the boundary laver persistsa to a
distance downstream which 1s approximately three times the distance required
to swallow the entropy layer. That is, for distances greater than three times
the entropy-layer-swallowing distance, transition Reynolds numbers may be
considered to be those of a sharp confipuration. For distances less than
three times the entropy-layer-swallowing distance, nosetip bluntness influ-
ences the transition Reynolds number. The lines shown are the distances which
correspond to three times the entropv-layer-swallowing distance, where the
entropy-laver-swallowing distances were estimated by the method of Rotta.34
All parameters which are judged to be significant should be accounted
for, to the extent possible. Even a good guess should help keep the final

estimate realistic and help aveid surprises.

/5.2) DOMINANT MECHANISMS

Any of the instabilities mentioned in 5.a through 5.f has the potential,
piven the appropriate circumstances, to produce rapidly growing disturbances
which dominate the transition process, For the particular case in point,
compare all the possible disturbance mechanisms and make a judgement as to
which one will dominate. Having decided upon the domirant disturbance
mechanism, use what you consider to be the best available transition method
and criterion for that instability to estimate the location of boundary-laver

transition,

(5.h) ESTIMATE UPPER AND LOWER BOUNDS

All transition estimates will have an uncertainty associated with them.
Even if all parameters could be precisely accounted for, unknown variations in
the freestream environment would introduce an uncertainty into the estimate,
Fven a guess at the uncertainty could be useful in judging the confidence

level of the transition estimate and the establishment of conservative and

cptimistic estimates, 1f desired.




PART 6: CONCLUDING REMARKS

With so many complicated and often unknown instability mechanisams,
modified bv many {nterrelated flow and geometric parameters, all competing
for the dominate role in the transition process, it is rot surprising that
there is often a large uncertainty in estimating the locatior of
boundarv-layer transition. New knowledge of these complex phenomena are
steadily being obtained; however, progress is slow and much remains to he
learned. Since all current transition prediction methods are empirical,
confidence 1s acquired only through having accumulated a suitable data base of

similar flight vehicles and similar flight situations, The veality of the

current transition prediction situation is that it is not possible to make a

confident prediction of transition for a new vehicle configuration flving in a

new flight anvironment. Vehicle designers wust accept the fact that there

will alwavs be an uncertainty associated with estimating the location of
boundary~laver tranrsition, The magnitude of the uncertaintv and the
consequences of the uncertaintv should always be a cons{deration. Future
research will, hopefully, reduce the magnitude of the uncertainty.

In closing, a quotation from two stability and transition leaders,
Morkovin and Reshotko.5 seems appropriate: "It is of utmost importance that
our continuing work proceed with open eyes and open mind; that new knowledge
be subjec: to the tests of the U. S. Transition Study Croup (ReShockoz).
especially the generalized guideline number four: 'Experiments (and
computations) where possible should involve more than one facilitv. Tests
should have ranges of overlapping parameters, and where possible, redundancy
in transition measurements'. Only in this way will our efforts avoid
inferences based on insufficient evidence and yield a furthering of our

understanding of laminar-turbulent transition,”
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